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Caption: A significant new version of the 20 " Century Reanalysis data assimilation

21 system, 20CRv3, has been developed. The 20CRv3 dataset will provide an ensemble of
22 sub-daily global atmospheric conditions spanning over 150 years by assimilating only
surface pressure observations into a coupled atmosphere-land forecast model. The new
25 20CRv3 system improves upon the previous system in several notable ways, including
26 the use of upgraded data assimilation methods, a newer and higher-resolution forecast
model, and a larger set of available pressure observations.

30 Figure:

33 (a) 20CRv2c, 16 Sept. 1875

(b) 20CRv3, 16 Sept 1875
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40WARDS A MORE RELIABLE HISTORICAL REANALY
JMPROVEMENTS FOR VERSION OF THE AWENTIET!
#ENTURY 2EANALYSIS SYSTEM

JAURA# 3LIVINSKIET AL

5 OF #/ #OOPERATIVE )NSTITUTE FOR
JESEARCH IN %NVIRONMENTAL 3ciENcEs | (ISTORICAL REANALYSES THAT SPAN MORE THAN A CENTUR
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LARGE SCALE CLIMATE TRENDS TO DIAGNOSING THE IMPACT:
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; DIVIDUAL HISTORICAL EXTREME WEATHER EVENTS 4HE 4WEN
3 #ENTURY 2EANALYSIS #2 OROJECT IS AN EEEORTISTO

4 NEED )T IS SUPPORTED BY THE .ATIONAL /CEANIC AND ITMO
g SPHERIC |DMINISTRATION ./!'! THE#OOPERATIVE )NSTITUTE

7 FOR 2ESEARCH IN %NVIRONMENTAL 3CIENCES #)2%3 AND THE !
8 PARTMENT OF %NERGY $/% AND ISFACILITATED BY COLLABOR/
9 WITH THE INTERNATIONAL ITMOSPHERIC #IRCULATION 2ECONS’
12 TIONS OVER THE %ARTH INITIATIVE #2%$3 BNSEMBLE

12 OF SUB DAILY GLOBAL ATMOSPHERIC CONDITIONS SPANNINC
13 YEARS 4HIS PROVIDES ABEST ESTIMATE OF THE WEATHER.
14 ANY GIVEN PLACE AND TIME AS WELL AS AN ESTIMATE OF ITS
ig DENCE AND UNCERTAINTY 7HILE EXTREMELY USEFUL VERS
17 COF THIS DATASET #2V C HAS SEVERAL SIGNI CANT ISSUES
18 INCLUDING INACCURATE ESTIMATES OF CON DENCE AND A Gl
19 SEA LEVEL PRESSURE BIAS IN THEMID TH CENTURY 4HESE A
;2 OTHER ISSUES CAN REDUCE THE EFFECTIVENESS OF STUDIES A
22 SPATIAL AND TEMPORAL SCALES 4HEREFORE THE #2 SYST
23 UNDERWENT A SERIES OF DEVELOPMENTS TO GENERATE A S
24 CANT NEW VERSION OF THE REANALYSIS 4HE VERSION SYS
;g M #)2%3 $/% #2V USES UPGRADED DATA ASSIMILA

27 TION METHODS INCLUDING AN ADAPTIVE IN ATION ALGORITHM
28 ANEWER HIGHER RESOLUTION FORECAST MODEL THAT SPECI |
29 AIR MASS AND ASSIMILATES A LARGER SET OF PRESSURE OB
22 TIONS 4HESE CHANGES HAVE IMPROVED THE ENSEMBLE BAS
32 ESTIMATES OF CON DENCE REMOVED SPIN UP EFFECTS IN THE
33 CIPITATIGNLDS AND DIMINISHED THE SEA LEVEL PRESSURE BIA
34 /THER IMPROVEMENTS INCLUDE MORE ACCURATE REPRESENTA’
gg OF STORM INTENSITY SMALLER ERRORS AND LARGE SCALE REL
37 IN MODEL BIAS 4HE #2V SYSTEM IS COMPREHENSIVELY RE
38 VIEWED FOCUSING ON THE ASPECTS THAT HAVE AMELIORAT
39 SUES IN #2V C $ESPITE THE MANY IMPROVEMENTS SOME
jg CHALLENGES REMAIN INCLUDING ASYSTEMATICBIAS IN TROPIC
42 CIPITATION AND TIME VARYING BIASES IN SOUTHERN HIGH LATI
43 PRESSUREDS

44

45 +%97/2$3

46 REANALYSIS DATAASSIMILATION SURFACE PRESSURE

47

48

49

50

51

52
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)N ORDER TO STUDY HISTORICAL AND CONTEMPORARY WEATHER EVENTS INCLUDING EXTREMES WITHIN A BROADE
TIME SERIES OF ACCURATE RELIABLE SUB DAILY ATMOSPHERIC VARIABLES ARE ESSENTIAL 2ETROSPECTIVE Al
TAKE ADVANTAGE OF THEBENPAST OBSERVATIONS AND MODERN WEATHER FORECAST MODELS BY COMBININ
PROCESS CALLED 4DATA ASSIMILATIONA $! $ALEY 4HE IDEA OF AREANALYSISa ARGUABLY BEGAN IN THE EA
WITH "RANDES& HAND DRAWN SYNOPTIC WEATHER MAPS -ONMONIER AND HAS MR EO BESCENTURIES
SINCE SEE#OMPOET AL AND #OMPO ET AL FOR ADETAILED HISTORY (ISTORICAL REANALYSES WHICH SPA
ORLONGER ACT AS ABRIDGE BETWEEN WEATHER AND CLIMATE SINCE THEY ARE INTENDED TO CAPTURE INDIV
AROUND THE GLOBE ASWELL AS LARGER CLIMATIC TRENDS OVER MANY DECADES WITHIN THE CONTEXT OF A SIN
3LIVINSKI
)N CONTRAST TO HISTORICAL REANALYSES 4MODERNA& REANALYSES GENERALLY ONLY EXTEND BACKTO TH
ONLYTO  WHEN UPPER AIR AND SATELLITE DATA ARE AVAILABLE FOR ASSIMILATION 4HESE REANALYSES INCI
#ENTRE FOR -EDIUM 2ANGE 7TEATHER &ORECASTS %f#-7& INTERIM 2E INALYSIS %2! )NTERIM $EE ET AL THE
TIONAL |[ERONAUTICS AND 3PACE IDMINISTRATION .!13! -ODERN %RA 2ETROSPECTIVE ANALYSIS FOR 2ESEARCH AN
VERSION -%22! 'ELAROETAL THE YEAR*APANESE 2E INALYSIS*2!  +OBAYASHIET AL AND THE
REANALYSIS PRODUCED JOINTLY BY THE 53 .ATIONAL #ENTERS FOR %NVIRONMENTAL OREDICTION .#%0 AND THE
FOR ITMOSPHERIC 2ESEARCH #!12 THE .#%0 .#!2 2EANALYSIS +ALNAY ET AL +ISTLERET AL AMONG OTHEF
SEE &UJIWARAET AL FOR AREVIEW OF REANALYSIS SYSTEMS ITPRESENT LONG TERM STUDIES USING MO
ARE RESTRICTED TO SPANASFEWAS  YEARS PREVENTING IN DEPTH INVESTIGATION OF INFREQUENT EXTR
CLIMATE EVENTS INOTHERDIF CULTY IS THAT SIGNI CANT CHANGES TO THE OBSERVING SYSTEM SUCH AS THE INTH
DATA CAN YIELD NON CLIMATIC DISCONTINUITIES IN SGVBEREAGIALTINGS AN APPARENT SHIFT IN TROPICAL DIVEF
CIRCULATION +INTER))) ET AL AND TRENDS IN TEMPERATURE INTEGRATED WATER VAPOR KINETIC ENERGY
"ENGTSSON ET AL "OSILOVICHET AL ‘HANG ET AL )N ORDER TO AVOID SUCH ARTIFACTS HISTORICALR
THAT SPAN AT LEAST A CENTURY ASSIMILATE ONLY NEAR SURFACE CONVENTIONAL OBSERVATIONS WHICH HAVI
ENTIRE TIME PERIOD SPECI CALLY SURFACE PRESSURE AND MARINE WINDS
4HE ./ #)2%3 AWENTIETH #ENTURY 2EANALYSIS #2 MARKED THE INTRODUCTION OF RECENT EFFORTS TO
HISTORICAL REANALYSES AS IRSUASEANALYSIS TO ASSIMILATE ONLY SURFACE PRESSURE OBSERVATIONS #0OMP(
3INCE THEN THE RANGE OF STUDIES TO USE THESE TYPES OF DATA HAS GROWN AND OTHER CENTENNIAL REAN/
THAT ASSIMILATED THESE DATA %#-7& PRODUCED %2! # OOLIET AL AN ATMOSPHERIC REANALYSIS SPANNINC
THAT ASSIMILATED SURFACE PRESSURE AS WELL AS MARINE WINDS AND #%2! # ,ALOYAUXET AL WHICH L
COUPLED OCEAN ATMOSPHERE MODEL AND SPANS TO  )NADDITION ./'! AND #)2%3 PRODUCED AN UPDATE T
#2 VERSION DESCRIBED BY #OMPO ET AL THATSPANNED TO  THISUPDATE #2VERSION C #2VC
SEE'IESEETAL AND DETAILED BELOW EXTENDED BACKTO AND AMELIORATES SEVERAL ISSUESWITH #2V
THE LATEST #2VERSION #2V ISCURRENTLY BEING PRODUCED BY ./!! #)2%3 AND $/% )T ISEXPECTED TO EX
BACKTO ANDTOBERELEASED IN
(ISTORICAL REANALYSES HAVE BROAD AREAS OF APPLICATION BECAUSE THEY SPAN TIMESCALES OF WE
PROVIDING SUB DAILY ESTIMATES OF THE %ARTH SYSTEM WITH GLOBAL COVERAGE FOR ACENTURY OR LONGER 4t
UTILIZED IN STUDIES INCLUDING CLIMATE CHANGE E G #OMPO ET AL (UANGETAL CLIMATE DYNAMICS E |
ETAL TRENDS IN HURRICANES E G "URN AND OALMER EXTRA TROPICAL CYCLONES EG 7ANG ETAL
AND EXTREMES IN TEMPERATURE AND PRECIPITATION E G $ONATET AL BLOCKING E G (EKKINENET AL
ETAL INDIVIDUAL CASE STUDIES OF PARTICULAR STORMS E G -OORE AND "ABIJ HISTORIC CLIMATOLOG
REGIONS E G ,ORREY AND #HAPPELL %L .I°O EG 'IESEETAL $ESER ET AL THE -ADDEN *ULIAN
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/SCILLATION EG +LOTZBACHET AL CONVERGENCE ZONE ACTIVITY EG ,ORREY ET AL (ARVEY ET Al
SEASONAL AND CLIMATIC RESPONSES TO VOLCANIC ERUPTIONS E G "ROHANET AL OAIK AND -IN WEATH
E G *ONES ET AL AND THE EMERGINEED OF DECADAL CLIMATE PREDICTION E G -UELLERET AL AMOI
MANY OTHERS

IKEY ASPECT FOR INFORMED APPLICATION OF REANALYSES IS PROPERLY ACCOUNTING FOR THEIR UNCERTAIN
#OMPARING DIFFERENT REANALYSES THAT SPAN SIMILAR TIME PERIODS IS ONE WAY TO CROSS VALIDATE THE DAT!/
4META CON DENCE& BY AGREEMENT OR DISAGREEMENT AMONG THE DATASETS )T IS ALSO IMPORTANT THAT EACF
DATASET IS AS ACCURATE AS POSSIBLE BOTH IN TERMS OF PAST CLIMATE STATE ESTIMATES AS WELL AS INTE
ITSUNCERTAINTY AS MEASURED BY ENSEMBLE STANDARD DEVIATION OR 4SPREADA FOR INSTAANOE OFHIS INTE
UNCERTAINTY IS USED BY THE DATA ASSIMILATION SYSTEM DURING THE PRODUCTION OF THE REANALYSIS TO MA
OBSERVATIONS AND PRIOR BACKGROUND INFORMATION BUT IS ALSO IMPORTANT TO THE END USERS OF THE REA
AHISTORICAL REANALYSIS MAY DISPLAY ALONG TERM TREND IN ONE VARIABLE THAT ACCORDING TO THE QU/
THE DATASET IS SIGNI CANT (OWEVER RESEARCHERS MAY BE UNAWARE THAT THE TREND IS AN ARTI CIAL ONE
OBSERVATIONS AND APPEARS TO BE SIGNI CANT SOLELY DUE TO ERRORS IN THE UNCERTAINTY ESTIMATE #ONTIN
MORE RELIABLE HISTORICAL REANALYSES ALLOWS STUDIES ON ALL TIMESCALES SUCH AS THOSE LISTED AB
CONCLUSIONS AND MAKE USE OF THE BEST DATA POSSIBLE

JNTHIS VEIN DESPITE SEVERAL MAJOR IMPROVEMENTS FROM #2V TO #2V C CERTAIN ISSUES REMAIN 7HILE
OBVIOUS SUCH AS ARTI CIAL LARGE SCALE TRENDS AND A LACK OF CERTAIN MAJOR STORM SYSTEMS OTHERS A
SUBOPTIMAL USAGE OF OBSERVATIONS AND INACCURATE ESTIMATES OF CON DENCE 4HESE PROBLEMS CAN HINC
OF #2V C FOR CLIMATE ANALYSIS APPLICATIONS )NVESTIGATIONS INTO MANY OF THESE ISSUES OCCURRED PF
DEVELOPMENT OF VERSION INFORMING THE IMPLEMENTATION OF PARTICULAR ALGORITHMS THAT ARE EXPE
EF CACY OF THE REANALYSIS )N OTHER CASES VERSION WILL LIKELY BENE T FROM GENERAL IMPROVEMENTS
SYSTEM AS WELL AS A LARGER OBSERVATIONAL DATABASE 4HIS WORK DISCUSSES HOW THE SIGNI CANT ISS
ADDRESSED AS WELL AS OTHER UPGRADES TO THE VERSION SYSTEM ORELIMINARY RESULTS WITH THE #2V DA
WILL FOCUS ON SEVERAL TEST PERIODS BETWEEN AND  AND ARE INTENDED TO BE REPRESENTATIVE OF
PERIODS IN TERMS OF QUALITY CON DENCE OBSERVATIONAL NETWORK DENSITY BIASES ETC 2ESULTSFROMT
DATASET AND DEEPER INVESTIGATIONS OF IT ON CLIMATIC AND SYNOPTIC SCALES ARE LEFT FOR FUTURE WORKS
ALL MAPS SHOWN BELOW ARE PLOTTED AT THE NATIVE RESOLUTION OF THE DATASET &INALLY WE EMPHASIZE
THE #2V SYSTEMWERE MADE SIMULTANEOUSLY SO A SINGLE IMPROVEMENT IN THIS PRELIMINARY  #2V DATAC.
ATTRIBUTED TO A SPECI C CHANGE IN THE SYSTEM

AHE AWENTIETH#ENTURY 2EANALYSIS SYSTEM IS DESCRIBED IN DETAIL IN3ECTION ISPECTS OF THE SYSTE
FROM #2V CTO #2V AREHIGHLIGHTED AS WELL AS FEATURES OF THE VERSION OF THE .#%0 'LOBAL &ORECAST :
COUPLED ATMOSPHERE LAND MODEL USED 3ECTION DISCUSSES SEVERAL LARGE SCALE ISSUES IN THE CON
ENSEMBLE SPREAD AND IN THE BIASES OF SEA LEVEL PRESSURE 3,0 PRECIPITATION ANDWIND IN #2V C ORELI
SUGGEST THAT UPDATES TO THE FORECAST MODEL AND DATA ASSIMILATION ALGORITHM WILL IMPROVE THE (
AND REDUCE MOST OF THESE BIASES IN #2V )N ADDITION TO ADDRESSING KNOWN ISSUES OTHER DEVEL
VERSION SYSTEM ARE EXPECTED TO RESULT IN FURTHER IMPROVEMENTS !S SHOWN IN 3ECTION UPDATEST
PROCEDURE QUALITY CONTROL AND OBSERVATION ERRORS WILL LIKELY IMPROVE THE USE OF OBSERVATIONS AN
REPRESENTATIONS OF VARIABILITY AND EXTREMES SUCH AS TROPICAL CYCLONES $ESPITE SIGNI CANT IMPR
BOARD SEVERAL ISSUES REMAIN IN THE #2V SYSTEM 4HESE ARE DISCUSSED IN 3ECTION 3ECTION CONC
DISCUSSION ANtk REMARKS
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)N SEVERAL BASIC WAYS EACH ITERATION OF THE AWENTIETH#ENTURY 2EANALYSIS SYSTEM REMAINS THE SAN
ORIGINALLY BY #OMPO ET AL &IRST MODERN WEATHER FORECAST MODELS ARE USED TO GENERATE T
BACKGROUHIDS GIVEN PRESCRIBED SEA SURFACE TEMPERATURE 334 AND SEAELDSGRCENIRANEGNSEMBLE
METHOD ASSIMILATES HISTORICAL OBSERVATIONS TO UPDATHETHE BECRBRBANEYBIS %NSEMBLE METHODS
ARE PARTICULARLY USEFUL AS THEY ALLOW FOR ESTIMATES OFOENCIERTAIBNSAWBLEGPREAD EG ENSEMBLE
STANDARD DEVIATION AS WELL AS AN ESTIMATE OF THE ATMOSPHERIC STATE VIATHE ENSEMBLE MEAN &INAL
VALUES ARE THE ONLY TYPE OF OBSERVATIONS THAT ARE EVER ASSIMILATED 3EAICE AND 334 OBSERVATIONS ARE
THE REANALYSIS IN THE FORM OF BOUNDARY CONDITIONS AND CAN GUIDE THE MODEL TO REPRESENT LARGE SCAl
THEY ARE NOT ASSIMILATED 7HILE THE TEMPORAL FREQUENCY SPATIAL DENSITY AND QUALITY OF THE SURFACE F
HAVE CHANGED OVER TIME AS ARESULT OF DEVELOPMENTS IN INSTRUMENTATION AND THEORY -IDDLETON Tt
ASSUMES THAT THE MOST IMPORTANT PART OF THE OBSERVATION ERROR IS ITS SO CALLED 48ERROR OF REPR
*ANJIA AND #OHN /BSERVATION ERRORS ARE THEREFORE ASSUMED TO BE CONSTANT IN TIME SEE 3ECT
MORE DISCUSSION &EEDBACK FROM REANALYSIS DATASETS THAT ASSIMILATE THESE OBSERVATIONS CAN BE
ESTIMATEINTHEFUTURE EG OOLIETAL LALOYAUXET AL
&OR PURPOSES OF COMPARISON THE #2V C SYSTEM OUTLINED BY 'IESE ET AL IS DETAILED IN IPPENDI
THE #2V SYSTEMIS DETAILED HERE 40 ADDRESS SIGNI CANT ISSUES IN THE #2V C DATASET AND AS ARESUI
PROGRESS IN EHES OF MODELING AND DATA ASSIMILATION SEVERAL ASPECTS OF THE #2 SYSTEM WERE UPI
PRODUCING #2V "ROADLY #2V WILLBENE T FROM AN IMPROVED HIGHER RESOLUTION MODEL A LARGER OE
DATABASE UPDATED DATA ASSIMILATION METHODS AND A LARGER ENSEMBLE SIZE 4HE ATMOSPHERIC MODI
HAS BEEN UPDATED TOTHE VERSION OF THE .#%0 '&3 WITH ARESOLUTION OF TOTAL SPHERICAL WAVENUMBI
DEG HORIZONTAL RESOLUTION AND VERTICAL HYBRID SIGMA PRESSURE LEVELS DIFFERENCES BETWEEN
'&3 OPERATIONAL IN FALL  AND THE VERSION USED FOR #2V ARE DETAILED IN !PPENDIX! !DDITIONALLY THE VI
SYSTEM ALLOWED THE ASSIMILATION TO UPDATE THE DRY AIR PRESSURE RESULTING IN AFEEDBACK LOOP WIT
THAT CAUSED SIGNI CANT ARTI CIALTRENDS INTHEMID THCENTURY SEE3ECTION )NVERSION THEDRY AIR PR
XED IN THE FORECAST AND ANALYSIS STEPS
4HE #2V CDATASETBEGANIN DUETO THE AVAILABILITY OF ITS PRESCRIBEDSHAADDITION OF MORE TH
CENTURY OBSERVATIONS AVAILABLE TO THE #2V ASSIMILATION SYSTEM AS WELL AS EARLY INVESTIGATIONS
FORECAST ERRORS NOT SHOWN SUGGESTED THAT #2V COULD SPAN FURTHER BACKIN TIME THAN #2V C GIV
BOUNDARY CONDITIONS ISREIEEYEAR THAT EVERY HOUR WINDOW HAS AT LEAST ONE OBSERVATION GLOI
ASSIMILATED $UE TO COMPUTATIONAL AND STORAGE RESOURCE LIMITATIONS ~ WAS THE EARLIEST YEAR THA'
PRODUCED %XPERIMENTS FOR THE YEARS ARE ONGOING
4HE #2V DATASETIS EXPECTED TO CONSIST OF TWO OVERLAPPING SUB VERSIONS #2VSI & AND #2V MO
4 WHERE THE ONLY DIFFERENCE BETWEEN THE TWO SUB VERSIONS IS THE PRESCRIBED 334S  #2V MO PRE
334S FROM (AD)334 2AYNERET AL OOLIET AL LALOYAUXET AL WHICH CONSISTS OF AN ENSEMBLE
DAY AVERAGE 38.DS INTERPOLATED TO DAILY RESOLUTION 4HIS INTERPOLATION IS CUBIC WITH THE COEF CIENT
AUTOCORRELATION OF THE DATA +WONET AL /FTHE MEMBERS AVAILABLE TWO OF THE ENSEMBLE MEMBE
DIFFERENT BIAS ADJUSTMENTS FROM THE OTHERS THUS #2V MO ONLY USES THE REMAINING MEMBERS AS BOUN
#2V SI PRESCRIBES 334S FROM THE PENTAD LINEARLY INTERPOLATED TO DAILY MEMBER 3IMPLE /CEAN $ATA
WITH SPARSE INPUT VERSION  3/$!SI ENSEMBLE THAT ITSELF USELD%28% BTMOSPHERIC BOUNDARY CONDITION
AND FORCING 'IESE ET AL 4HE 3/$!S| 334S USED FOR #2V SIWERE SEASONALLY ADJUSTEDTOTHE a
(AD)334 DAILY CLIMATOLOGY &OR BOTH VERSIONS EACH OF THE DISTINCT 334 ENSEMBLE MEMBERS WAS DUPLI
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TOCREATEATOTALOF MEMBERS 4RB% THE TH TH AND RDMEMBERS OF THE #2V ENSEMBLE HAVE THE
SAME 334 FORCING ANDTHESECOND TH TH TH AND THMEMBERS HAVE THE SAME 334 FORCING AS EACH
DIFFERENT FRONRBRIESET AND SO ON 3EA ICE CONCENTRATIONSDMERE/SABJ334 WHICH IS IDENTICAL TO
(AD)334 4ITCHNER AND 2AYNER FROM ONWARDS &ROM TO (AD)334 SPECIES!RCTIC SEAICE
EXTENT FROM THE 3EA)CE"ACK40 DATASET 3)"'4 7ALSHETAL UPDATED ORIORTO  SEAICE
EXTENT AND CONCENTRATION ARESPECIEDASTHE & (AD)334 CLIMATOLOGY

4HANKS TO INTERNATIONAL EFFORTS FACILITATED BY THE ITMOSPHERIC #IRCULATION 2ZECONSTRUCTIONS C
INITIATIVE ILLANETAL AND MANY VOLUNTEER EFFORTS THERE ARE MILLIONS MORE OBSERVATIONS ASSIM
THANIN #2V C 4HIS REPRESENTS AN AVERAGE OF MORE AVAILABLE OBSERVATIONS PER ASSIMILATION CYCLE IN
AFTERABOUT  ANDUPTO MOREAVAILABLE OBSERVATIONS PER CYCLE IN EARLIER YEARS 4HE NEW OBSERV/
THE )NTERNATIONAL 3URFACE ORESSURE $ATABANK )30$ VERSION #RAMETAL #OMPOET AL BLENDS ¢
AND SEA LEVEL PRESSURE OBSERVATIONS FROM THE )NTERNATIONAL 3URFACE $ATABASE )3% ,OTTETAL 3M
WITH ADDITIONAL STATION OBSERVATIONS ARCHIVED AND PREVIOUSLY UNDIGITIZED TERRESTRIAL DATA SUBM
INTERNATIONAL #2% PARTNERS PRESSURE REPORTS FOR TROPICAL CYCLONES FROM VERSION 6 R OF THE
4RACK RCHIVE FOR #LIMATE 3TEWARDSHIP )"4R#3 +NAPP ET AL +RUK ET AL COMBINED WITH ADDITI
OACI C TROPICAL CYCLONE DATA +UBOTA AND MARINE OBSERVATIONS FROM THE )NTERNATIONAL #OMPRE
ITMOSPHERE $ATA3ET 7ORLEY ET AL 7O0ODRUFFET AL &REEMAN ET AL )#/'$3 VERSION 4HELATTER
IS OUR OWN IMPROVEMENT TO )#/!$3 THAT INCLUDES RECENTLY DIGITIZED AND BETTER POSITIONED AND QUA
OBSERVATIONS FROM #2% RECOVERED EXPEDITIONS /LD7EATHER ORG AND THE !USTRALIAN 7EATHER $ETECT
3PENCERETAL HTTPS GITHUB COM OLDWEATHER )#/1$3 PLUS RELEASES AND IPPENDICES!"

5NLIKE #2V C WHICHUSEDA MEMBER ENSEMBLE +AINERNWITH A DIGLTAR APPLIED TO THE BACKGROUND

FORECAST #2V ASSIMILATES OBSERVATIONS WITHAN MEMBER ENSEMBEEE+HMTMANLIZES A DIMENSIONAL
INCREMENTAL ANALYSIS UPDATE "LOOM ET AL ,EI'AND 7HITAKER AND NIERISGT AEE 3ECTION AND
IPPENDIX! IDDITIONALLY #2V CINTERPOLATED STATION PRESSURE OBSERVATIONS TO THE MODEL SURFACE PRIC
WHILE #2V USES THE MORE TYPICAL PROCEDURE AND ASSIMILATES THEM AT THE OBSERVATION LEVEL ABSO
INTERPOLATION OF THE BACKGROUND FORECAST INTO THE OBSERBMWTLORBPERAIEHED IN 3ECTION  #2V
INCLUDES A NONLINEAR QUALITY CONTROL ALGORITHM FOR THE OBSERVATIONS AN ADAPTIVE LOCALIZATIO!
METHOD BASED ON RELAXATION TO PRIOR SPREAD AND AN OF INE BIAS CORRECTION FOR MARINE OBSERVA
SEE !PPENDICES " $ FOR MORE DETAILS  #2V ALSO INCLUDES AN UPDATED BIAS CORRECTION FOR STATION |
THESE BIASES ARE &LEARNED&OVER A DAY TIME PERIOD 4HATIS THEY ARE CALCULATED AS THE AVERAGE DIFF
OBSERVATION ANIREHESUESS OVER THE DAY WINDOW WITH A MINIMUM OF DAYSaWORTH OF DATA IN THE WIND
TO THE CURRENT ASSIMILATION STEP IF SIGNI CANT THESE DIFFERENCES ARE SUBSEQUENTLY REMOVED FROM'
STEP PRIOR TO ASSIMILATION SEE#OMPO ET AL THEIR!PPENDIX" FOR MORE DETAILS &INALLY THE BASELIN
ERRORSUSEDIN #2V ARE GIVEN IN4ABLE #OLUMN &STATION& REFERS TO OBSERVATIONS OF SURFACE PRESS

43,0 0NLY& REFERS TO STATIONS THAT ONLY REPORTED PRESSURE REDUCED TO SEA LEVEL /BSERVATION EF

HOA PER METER DIFFERENCE BETWEEN THE OBSERVATION ELEVATION AND THE MODEL OROGRAPHY 4HESE ARI

USEDIN #2V C WITH THE EXCEPTION OF TROPICAL CYCLONE DATA SEE 4ABLE!

\ 1$$2%33).' )335%3 ). #26 #

4HE #2V DATASET WILL BUILD ON TWO PREVIOUS EFFORTS #2V AND #2V C 4HE #2V DATASET REPRESENT
IMPORTANT STEP FORWARD FOR WEATHER AND CLIMATE RESEARENHHTARORRICONSISTENT LONG TERM SUB D
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GRIDDED ATMOSPHERIC DATASET USING INSTRUMENTAL OBSERVATIONS IS OF THE TIME OF WRITING THE P
#2V DATASET #OMPO ET AL HAS MORE THAN  CITATIONS 'OOGLE 3CHOLAR ACCESSED &EB 7THILE USEFL
THE #2V DATASET HAS SEVERAL ISSUES INCLUDING A MISSPECI CATION OF POLAR SEA ICE THAT RESULTED IN W
TEMPERATURE BIASES "RUNNIMANN ET AL AND INHOMOGENEITIES ASSOCIATED WITH VARIATIONS IN OBSER
AND ITS COVARIANCE IN ATION ALGORITHM PRIORTO  &ERGUSON AND 6ILLARINI
4HE #2V C DATASET WAS AN EFFORT TO ADDRESS THOSE ISSUES USE ANOVEL 334 SPECI CATION AND INCI
OBSERVATIONS COMPARED TO #2V (OWEVER AS MORE STUDIES DELVED INTO DIFFERENT ASPECTS OF #2V
OF IT BECAME APPARENT 3IMULTANEOUSLY THE MANY STUDIES USING #2V C MOTIVATED FURTHER DATA RES
THE AMOUNT OF PRESSURE OBSERVATIONS AVAILABLE TO BE ASSTMNATED ARBGUBIERIY IN EARLY YEARS &IGUF
ILLUSTRATES THE GLOBAL ANNUAL AVERAGE NUMBER OF OBSERVATIONS AVAILABLE TO BE ASSIMILATED INA HOL
SOLID BLACK AND #2V DASHED GRAY (ERE &AVAILABLEA REFERS TO OBSERVATIONS THAT WERE RESCUED Di
QUALITY CONTROLLED AND BLENDED INTO THE VERSION OF THE )30$ USED IN THE GIVEN REANALYSIS IT INCLUC
MAY BEAGGED OR THINNED BY THE INTERNAL #2 QUALITY CONTROL SYSTEM SEE 3ECTION AND !PPENDIX# FOR
I'NEW VERSION OF THE #2 SYSTEM COULD MAKE USE OF THIS GROWING SET OF OBSERVATIONS AS WELL AS GE
MODELING AND DATA ASSIMILATION METHODS AND WOULD PROVIDE A SIGNI CANTLY IMPROVED DATASET -AJORI|
INCLUDING INACCURATE REPRESENTATIONS OF UNCERTAINTY AS WELL AS LARGE SCALE BIASES AND ARTIFA(
PRECIPITATION AND WIND ALSO INFORMED AND MOTIVATED THE DEVELOPMENT OF THE #2V SYSTEM

\' %STIMATION OF CON DENCE

)N ORDER TO MAKE CONCLUSIONS ABOUT THE SIGNI CANCE OF TRENDS SIGNALS AND EXTREMA FROM REANAL
TO QUANTITATIVELY MEASURE CON DENCE IN THE DATASETS ! DE NING CHARACTERISTIC OF #2ISITS USE OF A
ASSIMILATION METHOD WHICH YIELDS BOTH A SINGLE BEST ESTIMATE OF THE ANALYSIS THEMEKRN &6 WELL A
THE UNCERTAINTY AROUND THAT ESTIMATE VIA THE ENSEMBLE SPREAD THE STANDARD DEVIATION -ORE SP
UNCERTAINTY AND LESS SPREAD IMPLIES LESS UNCERTAINTY )N GENERAL THE UNCERTAINTY IN THE ENSEMBL
WILL CORRELATE NEGATIVELY WITH THE DENSITY OF THE AVAILABLE OBSERVATIONAL NETWORK )N ADDITIOl
ENSEMBLE MEAN IN TIME OR TEMPORAL SPREAD %QUATION CAN BE USED AS AN ESTIMATE OF CLIMATOLOGI(
TIMBx THE TEMPORAL SPREAD OF THE ENSEMBLE MEAN OVER A WIND®BICENBNGTH

BB T of

TEMP SPREAL = - . Xensmeaft® Xensmeanf ;
Ntlme U=t Tef

WHERRE;jme IS THE NUMBER OF TIME STEPS IN THRAVINDOWA Y T *fYaXensmeaht®lS THE AREA AVERAGED ENSEMBLE
MEAN OF THE VARIABLE OF INTEREST FOR EXAMPUEANIXE s HEWHES THE TIME AVERAGE OF THE ENSEMBLE MEAN
Xensmeant® OVER THE TIME WINDOW
IS AN EXAMPLE &IGURE INCLUDES TIME SERIES OF UNCERTAINTY IN SEA LEVEL PRESSURE OVERITHE ZONAL
3 CALCULATED FROM #2V C 4HIS REGION IS PARTICULARLY IMPORTANT FOR INVESTIGATIONSOAKRE THROPC
AND LONG TIME SERIES ARE NEEDED FOR STUDIES OF ITS DECADAL VARIABILITY AS DISCUSSED IN EG ,ANDSC
4HE ANALYZED SEA LEVEL PRESSURE ENSEMBLE SPREAD IS PLOTTED THICK DARK BLUE CURVE ALONG WITH
OF THE ANALYZED SEA LEVEL PRESSURE ENSEMBLE MEAN THIN LIGHT BLUE CURVE AND THE NUMBER OF OBSE
PER HOURWINDOW THIN RED CURVE RIGHT HAND AXIS IN THIS REGION 4HE TEMPORAL SPREAD IS CALCULA
DEVIATION OF THE ENSEMBLE MEAN ACROSS A CENTERED TIME WINDOWIUS Ity GA0S8! ANDTALL TIME SERIES HAVE
A YEAR RUNNING AVERAGE APPLIED 4HIS REGION HAS RELATIVELY FEW OBSERVATIONS AVAILABLE COMPARE
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EFFECTSOF7ORLD7AR) & AND70RLD7AR)) & AREPARTICULARLY STRIKING SEE SHADED GRAY REGIOI
AS IS THE &IRST '120 'LOBAL ITMOSPHERIC 2ESEARCH OROGRAM 'LOBAL %XPERIMENTIN ~ DASHED LINE 4HE CORI
BETWEEN THE ENSEMBLE SPREAD AND THE LOG OF THE NUMBER OF OBSERVATIONS ASSIMILATED PER WINDOW IS
THE STRONG INVERSE RELATIONSHIP BETWEEN THE ENSEMBLE SPREAD AND THE OBSERVATIONAL NETWORK DE

(OWEVER ENSEMBLE SPREAD ISONLY AN ESTIMATE OF UNCERTAINTY AND ITISNOT ALWAYS RELIABLE &ORINS
ISSUE WITH THE %N+& IS THE TENDENCY FOR ENSEMBLES TO 8OVER TIGHTENA TOWARDS THE MEAN RESULTING |
THAT IS OVERCON DENT AND ULTIMAERIMWWERGENCE THAT IS WHEN THE BACKGROUND ENSEMBLE STANDARL
APPROACHES AND THE ENSEMBLE IS UNABLE TO USE INFORMATION ABOUT OBSERVATIONS INDERSON AND
THITAKER AND (AMILL I COMMON METHOD TO ADDRESS THIS PROBLEM IS &COVARIANCE IN ATION& GENERAL|
TO ARTI CIALLY INCREASING THE ENSEMBLE SPREAD BY FOR EXAMPLE APPLYING A MULTIPLICATIVE FACTOR
ENSEMBLE COVARIANCE 7HEN MANY OBSERVATIONS ARE ASSIMILATED THE ENSEMBLE IS MORE PRONE TO (
REQUIRES MORE IN ATION )N #2V C ASIMPLE MULTIPLICATIVE IN ATION FACTOR INDERSON AND INDERSON WA
TO THE ENSEMBLE COVARIANCE MATRIX AT EACH STEP THIS FACTOR WAS PREDE NED BASED ON YEAR AND LAT
THE IN ATION PARAMETERS USED IN #2V C 4HESE TIME PERIODS WERE CHOSEIIAYIXDABHLYVRAND DENSITY
OF OBSERVATIONS FOR EXAMPLE THERE WERE FEW .ATIONAL -ETEOROLOGICAL 3ERVICES ORGANIZED PRIC
THE OBSERVATIONAL NETWORK WAS RELATIVELY SPARSE 4HE PERIOD & REPRESENTS A TRANSITION PEF
DEVELOPMENTS AS THE FOUNDING OF THE )NTERNATIONAL -ETEOROLOGICAL#OMMITTEEIN ~ THE NETWORK
IN THE .ORTHERN (EMISPHERE BECOMES DENSER #ONVERSELY THE 30OUTHERN (EMISPHERE OBSERVATION N
RELATIVELY SPARSE INTO THE TH CENTURY

7HILE THIS METHOD ENSURED THAT LARGER IN ATION PARAMETERS WERE APPLIED WHEN THE OBSERVAT
MORE DENSE E G INTHE .ORTHERN (EMISPHERE AND IN MODERN TIME PERIODS THE ABRUPT CHANGES IN THE
RESPONSIBLE FOR ARTI CIAL SIGNALS IN THE TIME SERIES OF UNCERTAINTY 4HE SPIKE INENSEMBLE SPREAD IN
IN&IG ISANARTIFACT OF THE MULTIPLICATIVE IN ATION ALGORITHMUSED IN #2V C THISISTHE YEAR THE IN AT
IN THE 3OUTHERN (EMISPHERE INCREASED FROM  TO  4ABLE AND THERE IS NO CORRESPONDING DECREASE
OBSERVATIONS ASSIMILATED )NFACT  MARKS AN INCREASE IN ASSIMILATED 3,0 OBSERVATIONS THIS ORIGI
INCREASING THE IN ATION PARAMETER IN THAT PARTICULAR YEAR

INOTHER ISSUE DEMONSTRATED BY &IG IS THE UNDER CON DENCE OF THE ENSEMBLE SPREAD !S DISCUS
TEMPORAL SPREAD CAN BE USED AS APROXY FOR A CLIMATOLOGICAL SPREAD S5NTILTHE S THE ENSEMBLE SPI
THE TEMPORAL SPREAD SUGGESTING THAT THE ENSEMBLE WAS LESS CON DENT THAN A CLIMATOLOGICAL ESTI!
OCCURS TXHED IN ATION ALGORITHM CAN RESULT INTOO LITTLE IN ATION OVER DATA RICH REGIONS LEADING TO(
THESE AREAS NOT SHOWN

4HE VERSION SYSTEM USES AN IMPROVED IN ATION ALGORITHM REFERRED TO AS RELAXATION TO PRIOR
AND (AMILL 5SING THIS ALGORITHM THE IN ATION ADAPTS TO THE OBSERVATION NETWORK DENSITY 7HENT
OBSERVATIONS THE ENSEMBLE SPREAD IS HARDLY CHANGED WHEN THERE ARE DENSE OBSERVATIONS THE
4RELAXED& BACK TO THE PRIOR SPREAD B¥Y,ANAREVERY MODEL GRID®@PINND ANALYSIS TIMBEE IN ATION
PARAMETER; IS GIVEN BY

pIX; Y t0  glX;y;te
alx;y;t°

inf X, Y;t° = Prelax

WHERE,x;y;t°1S THE STANDARD DEVIATION OF THE BACKGROUNBBENSEMBHE STANDARD DEVIATION OF THE
ANALYSIS ENSEMBLE BEFORE IN APIQN«MNORELAXATION PARAMETER THAT CAN VARY FROM NO IRFEMIN TO IN

PRIOR SPREAD 4HE RATIO OF ENSEMBLE SPREAD IN %QN IMPLICITLY DEPENDS ON THE DENSITY OF THE OBSE
THAT REGION ADENSE NETWORK WILL RESULT IN A SMALLER ANALYSIS ENSEMBLE SPREAD AND THUS ALARGER
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VICE VERSA INITIAL TESTSWITH THE #2V SYSTEMUSEDGLOBALLY 4HESE TESTS NOT SHOWN SUGGESTED TH/
WAS TOO LARGE IN THE 30UTHERN (EMISPHERE AS THE UNCERTAINTY WAS LARGER THAN A CLIMATOLOGICAL |
NAL #2V SYSTEMUSESeiax=*:SFOR 338 .ANDprelax=*" FOR 33 3 )NTHETRANSITIONZOB&E 3
Prelax VARIES LINEARLY FROM TO  4HESE VALYESOMNOT CHANGE IN TIME &IGURE SHOWS REPRESENTA
EXAMPLES OF THE ADAPTIVE IN ATION PARAREJEROUR DIFFERENT YEARS AVALUE OF IS EQUIVALENT TONO IN
4AHE '&3 MODEL IN #2V USES STOCHASTIC PHYSICS IPPENDIX! WHICH ALSO CONTRIBUTES TO THE ENSEMI
4HIS EFFECT IS PARTICULARLY STRONG IN THE TROPICS WHICH REDUCES THE NEED FOR IN ATION IN THIS REGION
OF THE TROPICS THE IN ATION FACTOR DEPENDS ON THE OBSERVATION NETWORK DENSITY OVER THE 53 AND %UF
THE .ORTHERN (EMISPHERE IN RECENT YEARS THE IN ATION FACTOR IS LARGER THAN ELSEWHERE .OTE ALS(
IN ATION PARAMETER VALUES USED IN #2V IS MUCH LARGER THAN WAS PRESCRIBED IN #2V C COMPARE &IG Al
&IGURE ILLUSTRATES THE RESULT OF THESE CHANGES IN TERMS OFLTHEGIE SRAENEESARESSURE FRON
VERSIONS C AND OF #2 DURING SELECTED EARLY TH CENTURY BOREAL WINTERS (ERE 4CON DENCE& IS
DIFFERENCE OF THE NORMALIZED TIME AVERAGED ENSEMBLE STANDARD DEVIATION FROM

conf =, spreag,espread,im

WHER&pread,s|S THE TIME AVERAGED STANDARD DEVIATION OF THE ENSEMBLE OF ANALYZED 3,0 FROM THE §
OF #2 ANDspread,i, S THE TEMPORAL STANDARD DEVIATION OF THE #2V C ENSEMBLE MEAN HOURLY 3,0 O\
&EB -AR FROM JNOTHERWORDSspreagq,j, REPRESENTS AN ESTIMATE OF THE INHERENT WEATHER VARIABII
ASSUMED TO BE TIME INVARIANT AND INDEPENDENT OF ENSEMBLE SPREAD 4HUS A CON DENCE VALUE OF ZERO
CONTOURSIN &IG A B DENOTES ENSEMBLE SPREAD IDENTICAL TO THE CLIMATOLOGICAL SPREAD GREATER COl
CERTAINTY THAN CLIMATOLOGY AND NEGATIVE CON DENCE IMPLIES LESS CERTAINTY THAN CLIMATOLOGY !S
VARIATIONS IN WEATHER VARIABILITY EG #OMPOET AL THE MINIMUM CON DENCE VALUE WOULD BE ZERO
4HESE MAPS DEMONSTRATE FEATURES OF THE NEW ESTIMATES OF CON DENCE IN #2V )N PARTICULAR

CERTAINTY OVER THEHIGH!RCTIC LATITUDES INVERSION RED SHADINGIN&IG CINTHISREGION THAN SIMPLY US
MEAN AS THE ANALYSIS 4HERE IS ALSO MORE SPREAD OVER THE DENSELY OBSERVED REGIONS OF .ORTH IMERIC
SHADING IN &IG C IN THESE REGIONS 2ESULTS NOT SHOWN USING INDEPENDENT OBSERVATIONS FROM 5 -
2EPORTS COMPARING EXPECTED AND ACTUAL ERRORS SUGGEST THAT THIS IS AN IMPROVEMENT AS THE #
OVERCON DENT OVER %UROPEINTHE S 3IMILAR OVERCON DENCE IS FOURBFGBREEDS NOT SHOWN 7E
EXPECT THAT THE RESULTS WOULD BE SIMILAR FOR INDEPENDENT OBSERVATIONS OVER .ORTH IMERICA )N CONT
CLIMATOLOGICAL UNCERTAINTY OVER THE HIGH SOUTHERN LATITUDES HAS BEEN REDUCED BUT NOT ELIMINATE
INprelax DISCUSSED ABOVE 4HERE IS ALSO A DECREASE IN CON DENCE IN #2V THROUGHOUT MUCH OF THE TROPI
DUE TO THE STOCHASTIC PHYSICS DESCRIBED ABOVE 4HE DECREASE IN CON DENCE THROUGHOUT THE MID LATI
THAT FURTHER EXPERIMERTSAWMAY BE NECESSARY IN THE FUTURE 7HILE MANY OF THE DIFFERENCES ARE LIKELY
NEW ADAPTIVE IN ATION ALGORITHM RECALL THAT #2V USESAN MEMBERENSEMBLE AS OPPOSED TO THE N

#2V C 4HE LARGER ENSEMBLE ASWELL AS OTHER UPDATES TO THE #2V SYSTEM MAY ALSO HAVE CONTRIBUT
CONSISTENCY BETWEEN THE QUANTI ED CON DENCE OF VERSION AND PRIOR EXPECTATIONS

\ 'LOBAL SEALEVEL PRESSURE BIAS

INOTHER SIGNI CANT ISSUE IN #2V C ASEA LEVEL PRESSURE BIAS PRIORTOTHE S PREVENTED THIS DATASET |
USEFUL AS IT COULD HAVE BEEN FOR ITS FULL SPAN 4HIS BIAS IS EVIDENT IN GLOBALLY AVERAGED TIME SERIE
&IGURE BLUE CURVE FOR MOST YEARS PRIOR TO 2ELATIVE TO SEVERAL REANALYSES OF VARYING TIME
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%2! )NTERIM ORANGE THE HISTORICAL REANALYSES %2! # GREEN AND#%2! # GOLD ANDA MEMBER ENSEM
SIMULATIONS WITH THE SAME VERSION OF THE '&3USED IN #2V C BUT WITHOUT ASSIMILATION aNO $!a RED Tk
FROM #2V CISASMUCHAS HOATOO LOW DURING THE PERIOD OF CONCERN 3HADING ON &IG REPRESENTS
DEVIATION WHEN ENSEMBLE ESTIMATES ARE AVAILABLE NOTE THAT THE #2V C SPREAD IN THE BIASED PERIOD IS
AWAY FROM THE 4NO $!4a MEAN AND STANDARD DEVIATION
4HE CAUSE IS REVEALED TO BE BIASED SHIP OBSERVATIONS IN THE RRIBT REFREERIMEIRBY 40DD -ITCHELL AT
A MARINE DATA WORKSHOP $IAZ ET AL INSELL ET AL ILLAN AND INSELL COMBINED WITH THE #2V C
SYSTEMALLOWING THE GLOBAL DRY PRESSURE TO BE UPDATED DURING THE ASSIMILATION CYCLE 4HE #2V C S
MANY LOW BIASED SHIP OBSERVATIONS THROUGHOUT THE WORLD OCEANS $URING THE ASSIRIRNDIODNETHE GL(
GLOBAL DRY AIR PRESSURE WERE UPDATED TO BE LOWER AND MORE CONSISTENT WITH THESE BIASED OBSERVAT
FEEDBACK CYCLE AS THE BIASED OBSERVATIONS CONTINUED TO BE ASSIMILATED INTHEMID TH CENTURY AND
DRY AIR PRESSEIRES CONTINUED TO BELOWERED 7HILE #2V CINCLUDED A BIAS CORRECTION TO LAND STATIO
INCLUDE A MARINE OBSERVATION BIAS CORRECTION ALGORITHM &IGURE ASHOWSAMAPOFTHE & TIMEAV
ANOMALFLDS FROM #2V C ANALYSES NOTE THE WIDESPREAD NEGATIVE ANOMALIES PARTICULARLY OVER THE O
DIFFERS FROM A IN THAT IT USED AN EXPERIMENT THAT ASSIMILATED ABOUT FEWER SHIP OBSERVATIONS Tt
WITH AN OTHERWISE IDENTICAL SETUP /VERALL THE ANOMALIES ARE LESS NEGATIVE DEMONSTRATING THAT A!
OBSERVATIONSFROM & NEGATIVELY BIASED THE GLOBALLY AVERAGED ANALYZED SEA LEVEL PRESSURE BY A
.OTE THAT THESE SHIPS WERE NOT CHOSEN ON AN A PRIORIBASIS THIS ILLUSTRATES THE STRONG EFFECT OF A
OBSERVING PLATFORMS WITHIN A CYCLED DATA ASSIMILATION SYSTEM
4WO IMPROVEMENTS IN #2V WILL ADDRESS THIS ISSUE &IRST THE GLOBAL DRY PRESSURE CAN NO LONGERE
THE ASSIMILATION INSTEAD IT IS SPEGHEDKOA 4RENBERTH AND 3MITH 4HIS PREVENTS THE FEEDBACK LO(
WITH THE BIASED SHIP OBSERVATIONS THAT ALLOWED THE GLOBAL SEA LEVEL PRESSURE BIAS TO PERSIST FO
#2V C DATA 3ECOND TO DIRECTLY ADDRESS THE OBSERVATION BIAS A CORRECTION IS APPLIED TO MARINE OBS
JNVESTIGATIONS INTO THE INDIVIDUAL OBSERVATIONS FOUND THAT THE NEGATIVE BIAS IS NOT CONSISTEN
VOYAGES IN THIS TIME PERIOD SUGGESTING THAT A SINGLE BIAS CORRECTION FOR ALL MARINE OBSERVATIONS IN
NOT BE SUF CIENT 4HUS ABIAS FOR EACH INDIVIDUAL SHIP IS CALCULATED AS THE MEAN DEVIATION FROM THE #
CLIMATOLOGY AND SUBTRACTED FROM THE MARINE OBSERVATIONS PRIOR TO ASSIMILATION SEE !PPENDIX"FO
&IGURE ILLUSTRATES ATEST OF THESE NEW PROCEDURES &IG ASHOWS THE #2V C 3,0 ANNUAL ANOMALY |
THE CONSISTENTLY NEGATIVE DIFFERENCES THROUGHOUT THE TROPICS AND MIDLATITUDES 4HE EFFECT OF CON
THE VERSION SYSTEM WITHOUT BIAS CORRECTING THE OBSERVATIONS IS SHOWN IN &IGURE B 4HERE ARE STILL
INTHE HIGHLY TRAF CKED REGIONS OF THE OCEAN AROUND #APE (ORN 30UTH IMERICA THE .ORTH OACI C/CEANC
THE 53 AND THE .ORTH ITLANTIC/CEAN )N ORDER TOXHTBRNTPIRESSURE THIS LEADS TO AN INCREASED 3,0 ANON
WHERE THERE ARE FEWER OBSERVATIONS PARTICULARLY AROUND THE POLES &IZRERERYIRRESBERBAND THE
THE BIAS CORRECTED SHIP OBSERVATIONS 4HE NEGATIVE ANOMALIES IN HIGH DENSITY MARINE REGIONS ARE |
REMOVED AND WHILE THE POSITIVE ANOMALY OVER THE HIGH SOUTHERN LATITUDES REMAINS IT HAS BEEN DI
CURVESIN &G REPRESENT THE ANNUAL GLOBAL 3,0 FROM #2V DURING THREE TEST PERIODS AND DEMONSTRAT
EFFECTS OF THESE CHANGES TO THE #2V SYSTEM
IS WITH MANY BIAS CORRECTION SCHEMES IT IS POSSIBLE THAT THIS METHOD IS REMOVING REAL SIGNA
OBSERVATIONS BY FORCING THEM TOWARDS A MODERN CLIMATOLOGY &OR EXAMPLE THE NEGATIVE 3,0 ANOMA
MIDLATITUDES PRIOR TO BIAS CORRECTION &IG B ARE ASSUMED TO BE EFFECTS OF BIASED OBSERVATIONS
ANOMALIES ARE STRONGEST IN HEAVILY TRAF CKED SHIPPING LANES AND WHALING AREAS (OWEVER THIS PAT
CLIMATOLOGICAL SHIFT IN WAVE NUMBER GBWHETEEN2QUTHERN (EMISPHERE SEE FOR EXAMPLE VAN ,O0ON
*ENNE 2APHAEL AND WOULD BE ERRONEOUSLY REMOVED BY THE BIAS CORRECTION SCHEME &IG C .EVE
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IN THE ABSENCE OF MORE INFORMATION ABOUT THESE PRESSURE OBSERVATIONS OR INDEPENDENT RECONSTRU
CENTURY 3BLDS FOR VALIDATION THIS PROCEDURE PROVIDES AN IMPROVEMENT OVER UNCORRECTED MAF
LEADING TO SPURIOUS 3,0 TRENDS EG &IG  $EEPER INVESTIGATIONS INTO THE CAUSE OF THIS OBSERVATI
CHANGES INMETEOROLOGICAL LOGS OR BAROMETER CORRECTION PRACTICES OVER THE PERIOD COUL
REALISTIC BIAS CORRECTION SCHEMES IN THE FUTURE

\ IRTIFACTS IN PRECIPITATION AND WIND

7HILE THE GLOBAL 3,0 TREND PRIORTO  IN&IGURE COULD BE ATTRIBUTED IN SOME WAY TO THE OBSERVATIONS
CAN BE TRACED BACK TO THE ASSIMILATION METHOD /NE EXAMPLE STEMS FROMTER YSEBIAADIGIANG
(UANG AND ,YNCH IN THE FORECAST STEP OF #2V C THAT WAS IMPLEMENTED TO TEMPORALLY SMOOTH THE |
ELDS AFTER THE %N+& UPDATE IPPENDIX! 7ITHOUHRINIS IMBALANCES INTRODUCED BY THE %N+& UPDATE W
HAVE RESULTED IN NUMERICAL NOISE DURING THE FORECAST STEP WHICH IN TURN WOULD HAVE CONTAMINA
THE COVARIANCE ESTIMATE DURING THE NEXT ASSIMILATION STEP DEGRADING THE ACCURACYTHRNNWEANALYSI
ACTIVE FOR FORECASTHOURS AND WAS TURNED OFF FORHOURS  /NE EEFER SO THENIBEINAMND OFF IS AN
ARTI CIAL POSITIVE TREND IN THE TENDENCY OF PRECIPITATION RATES FROM CONSECUTIVE FORECAST WINDOW

JNSTEAD OF ADIGITAR THE VERSION SYSTEM USES A $INCREMENTAL ANALYSIS UPDATE $)!5 "LOOMET AL
,EIAND 7HITAKER TO MITIGATE THE IMBALANCES INTRODUCED BY THE %N+& UPDATE %SSENTIALLY THE UPDA
BY THE %N+& ANALYSIS STEP ARE APPLIED AS A MODEL FORCING AT EVERY TIME STEP WITHIN THE FORECAST PRE
NOISE FROM CONTAMINATING ITS SHORT TERM EVOLUTION 3NHRETHEETBIGIPGMRAL SMOOTHING IN THE $)I51S
EFFECTIVELY ONLY APPLIED TO ANALYSIS INCREMENDS QUOTAWITHEOM THE MODEL THEREBY ELIMINATING THE SPL
TENDENCY TRENDS SEEN DURING THE FORECASTS OF VERSION C &IGURE B DEMONSTRATES THE IMPROVEN

LTER THE PRECIPITATION RATE BIASES HAVE ALMOST ENTIRELY DISAPPEARED .OTE THAT THE SPATIAL AVERA
DIFFERENCE BETWEEN HOURAND HOURFORECASTED PRECIPITATION RAHDERDH 428 C MM DAY
WHILE THE AVERAGE FROM #2V &IG B IS MMDAY 4HESEES SHOW THE ANNUAL AVERAGE FOR  BUT ARE
REPRESENTATIVE OF ALL AVAILABLE YEARS

$ESPITE THIS CHANGE THE GLOBAL ANNUAL AVERAGE PRECIPITATION RATE IN TESTS WITH THE #2V SYST
SAMEAS #2V C &IGURE SHOWSTHE ANNUAL AVERAGE PRECIPITATIONRATESFOR A #2VC B #2V AND C
GRIDDED BLENDED SATELLITE GAUGE PRECIPITATION DATASET FROM .!3!4S 'LOBAL ORECIPITATION #LIMATOLO(
IDLERET AL 4HE #2V  ELD HAS A STRONGER SEPARATION IN THE WESTERN TROPICAL RAINBAND THAN #2V
TO ADOUBLE )NTER 4ROPICAL #ONVERGENCE :ONE )4#: THAT ISNOT AS APPARENT IN THE '0#0 DATASET .OTE THAT
OF #2ALSO OVERESTIMATE GLOBAL PRECIPITATION RATES RELATIVE TO '0#0 INVESTIGATIONS INTO THIS ISSUE /

&IGURES AAND A SHOW ANOTHER ARTIFACT OF #2V C PREVIOUSLY IDENTI ED BY +ENT ET AL NAMELY A
RINGING CHARACTERISTIC IN THE PRECIPITATION MEANEARD HRFEAENEECT IS EVEN MORE APPARENT IN THE |
WINDELDS &IGURE A 4HIS EFFECT IS THE RESULT OF AN ERROR IN THE SPECTRAL TRANSFORM OF A HIGHER RES(
THE LOWER RESOLEODAMSED AS AN INPUTTO #2V C &IG C 3INCE #2V USES AMODEL AT AHIGHER RESOLUTION'

#2V C IT DOES NOT SUFFER FROM THIS ISSUE AS DRAMATICALLY &IG B D AND THE PREEPORTAKINANLY WIND
SPECTRAL RINGING SIGNALS
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)N ADDITION TO THE SPECI C DEVELOPMENTS IN THE VERSION SYSTEM THAT WERE DESIGNED TO AMELIORATE |
EARLY TESTS WITH THE #2V SYSTEM SUGGEST THAT IT WILL BENE T FROM OTHER UPDATES TO THE SYSTEM |
IMPROVEMENTS )N PARTICULAR THE VERSION SYSTEM USES ADAPTIVE QUALITY CONTROL AND LOCALIZATION
TROPICAL CYCLONE OBSERVATION ERRORS 4HESE CHANGES IN CONJUNCTION WITH ANEWER HIGHER RESOL
LARGER OBSERVATIONAL DATABASE AND THE IMPROVEMENTS DESCRIBED IN 3ECTION  YIELD RESULTS SUGGES
HAVE SMALLER FORECAST ERRORS LARGE SCALE REDUCTIONS IN MODEL BIAS AND MORE ACCURATE REPRESE

\ IDAPTIVE METHODS FOR ASSIMILATING OBSERVATIONS

ILL VERSIONS OF #2 USE AN ENSEMBLE HAIBRRND ASSIMILATE OBSERVATIONS )T IS WELL KNOWN THAT LOCAI
REQUIRED TO PREVENT SPURIOUS ENSEMBLE CROSS CORRELATIONS FROM DEVELOPING FAR AWAY FROM THE A
(OUTEKAMER AND -ITCHELL (AMILLET AL INDERSON 4HE USE OF LOCALIZATION IN ENSEMBLE DATA
ASSIMILATION SYSTEMS FOR WEATHER PREDICTION IS CRUCIAL SINCE CURRENT GENERATION SYSTEMS ARE BE
SIZES MANY ORDERS OF MAGNITUDE SMALLER THAN THE SIZE OF THE FORECAST MODEL STATE VECTOR 4RADITION
USE ASMOOTH CUTOFF FUNCTION SUCH AS THE PIECEWTSEQRIDERNRIDYSIOMIAL FUNCTION DESCRIBED BY 'ASPARI
#0OHN TO TAPER THE COVARIANCES TO ZERO AT AGIVEN DISTANCE AWAY FROM AN OBSERVATION 4YPICALLY Tt
LOCALIZATION IS AFUNCTION OF ONLY THE HORIZONTAL DISTANCE BETWEEN AN OBSERVATION AND A STATE VARIA
A SINGLE PARAMETER THAT IS RELATED TO THE DISTANCE AT WHICH THE 'ASPARI #OHN FUNCTION GOES TO ZERO ¢
THE LOCALIZATION LENGTH SCALE MAY BE A FUNCTION OF MANY ASPECTS OF THE DATA ASSIMILATION SYSTEM
THE OBSERVING SYSTEM AND THE SCALE OF THE PHENOMENA BEING OBSERVED 4HIS MAKES TUNING THE LOCA|
DIF CULT ESPECIALLY WHEN THE OBSERVING SYSTEM IS VERY INHOMOGENEOUS AND MANY DIFFERENT SCALE
SIMULTANEOUSLY 4HE #2V CSYSTEMUSED A LOCALIZATION RADIUSOF KM FORALL TIMES AND LOCATIONS
TESTS 7HITAKER ET AL A RELATIVELY LARGE VALUE WAS CHOSEN TO MAXIMIZE THE USE OF OBSERVATION
REGIONS AND TO MINIMIZE THE GENERATION OF SMALL SCALE NOISE BY THE %N+&\EPSPHIE QNADDYTTON PROL
1# PROCESS WAS EMPLOYED IN #2V C THISIS THE SAME PROCESS USED IN #2V AND DESCRIBED IN !PPENDIX" OF
ETAL

3INCETHE #2SYSTEM ONLY ASSIMILATES SURFACE PRESSURE OBSERVATIONS AND THE NETWORK CAN BECO
THE THCENTURY IT IS IMPORTANT TO EXTRACT THE MOST INFORMATION FROM EACH OBSERVATION )N ORDERT
THE OBSERVATIONS #2V USES AN ADAPTIVE QUALITY CONTROL PROCEDURE JOINTLY WITH AN ADAPTIVE LOC,
/BSERVATIONS MUST PASS TWO INITIAL GROSS 1# STEPS IF THE OBSERVATION IS OUTSIDE A PLAUSIBLE RANGE OR
TOO FAR FROMRSIEGUESS THE OBSERVATION IS REJRSTEDEMHEILL REJECT AN OBSERVATION THAT IS OUTSIDE TH

AND HOA 4HE SECOND STEP WILL REJECT AN OBSERMATIOSI TOO FAR FRORBTHEJESS

q —
Xob  Xtg]>.:f tf)'/ gb;

WHEREg IS THE VARIANCE ORSHEBUESS ENSEMBLE INTERPOLATED TO THE OBSERVATION TIME’;@ND'HECATION /
OBSERVATION ERROR VARIANCE 5NLIKE #2V C VERSION DOES NOT UTILIZE A 4BUDDY CHECK& OR A THINNING Al
OBSERVATIONS THAT DEGRAOE THE ANALYSIS TO NEARBY OBSERVATIONS OR THAT DO NOT DECREASE THE ANAL
SPREAD )NSTEAD THE ADAPTIVE QUALITY CONTROL ASSIGNS THESE OBSERVATIONS LARGER ERRORS AND SM£
THAT THEIR REGION OF IN UENCE IS ESSENTIALLY ZERO $ETAILS OF THE ADAPTIVE QUALITY CONTROL AND LOCALL
IN #2V CANBE FOUND IN!PPENDICES #$
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&IGURE SHOWS MAPS OF OBSERVATIONS WITHIN A SINGLE ASSIMILATION WINDOW FOR FOUR TEST YEARS
AND  .OTETHAT AS THE OBSERVATION NETWORK BECOMES DENSER THE LOCALIZATION LENGTHS GENERALLY
AND  THE OBSERVATION NETWORK IS RELATIVELY SPARSE AND MOST OBSERVATIONS HAVE LOCALIZATION
THE MAXIMUM ALLOWED OF KM )NTHE YEAR HOWEVER MOST OBSERVATIONS LOCATED WITHIN DENSEL
AREAS HAVE LOCALIZATION LENGTH SCALES CLOSERTO KM THOUGH THERE ARE A FEW OBSERVATIONS WITHIN
ALGORITHM SELECTS FOR LONGER LOCALIZATION LENGTH SCALES /BSERVATIONS LOCATED WITHIN AREAS TH

SUCH AS THE 3SOUTHERN /CEAN AND INTARCTICA STILL HAVE FAIRLY LONG LOCALIZATION LENGTH SCALES INTH
PROCEDURE ALLOWS MANY MORE OBSERVATIONS TO BE ASSIMILATED WITHIN #2V WHILE ADAPTIVELY ALLOW
WITH SIGNI CANT BENE CIAL EFFECTS TO HAVE LARGER RANGES OF IMPACT AND OBSERVATIONS THAT HAVE LES
HAVE SMALLER RANGES

\ /BSERVATION STATISTICS

/BSERVATIONS HAVE A LARGE IMPACT ON OVERALL PERFORMANCE OF REANALYSES INACCURATE OBSERVATIONS
PRESCRIPTION OF THEIR ERRORS CAN INPRSANDABIIR TRENDS RECALL THE GLOBAL 3,0BIAS IN&IGURE )TIS
THEN TO INVESTIGATE THE BEHAVIOR OF THEIR STATISTICS IN THE CONTEXT OF THE FULL SYSTEM (ERE WE SHO\
PERFORMS FAIRLY WELL UNDER MANY MEASURES THE UPDATED ALGORITHMS USED IN #2V PRODUCE CLEAF
SEVERAL TEST PERIODS

3TATISTICS OF THE DEPARTURES OF OBSERVARSNG BRSO BEN PROVIDE ONE MEASURE OF HOW WELL T
ENTIRE SYSTEM IS PERFORMING PARTICULARLY WHEN COMPARED WITH STATISTICS OF THE EXPECTED ERRO
DE NED AS

of
b
Ndbs ;

2-3% actual = Xobi  Xbii ;

Nobs i=
WHERBNDEXES Aldps OBSERVATIONS THAT ARE CONTRIBUTING TO THE STATISTIG W SR WBEERVATION
ANDXp; IS THERST GUESR D INTERPOLATED T DBSERVATION TIME AND LOCATION 4HE EXPECTED EREOR IS THEN

AS

obs ] !
-39 .= ! ARY, . o
2-3% exp: Nope " obi Y i ;
WHERBNDEXES THE SAME; OBSERVATIONS AS A%@I\/B THE" OBSERVATION ERROR VAR|AI‘£5:B ANE VARIANCE
OF THRST GUESS ENSEMBLE INTERPOLATTEDBSERIEATION TIME AND LOCATION !S SHOWN BY $ESROZIERS ET AL
UNDER THE ASSUMPTIONS THAT THE OBSERVATION AND BACKGROUND ERRORS ARE UNCORRELATED AND UNBIAS
BE EQUIVALENT )NA$!SYSTEM THAT IS PERFORMING WELL THE ACTUAL ERRORS SHOULD NOT BE LARGER THAN TH
CONSIDER TIME SERIES OF REGIONALLY AND ANNUALLY AVERAGED SURFACE PRESSURE FORECAST ERRORS FOR
.TO . TROPICS 3TO . AND3OUTHERN (EMISPHERE3TO 3 4HATIS THE STATISTICS IN %QUATIONS
ARE CALCULATED USING ALL OBSERVATIONS IN THE GIVEN REGION FOR EACH YEAR 4HESE ARE PLOTTED IN &IGUR
FORALL YEARS AND #2V BLACK FOR THREE TEST PERIODS
IS EXPECTED FROM %N+& THEORY AND SEENWITH #2V #OMPO ET AL ERRORS DECREASE IN TIME AS OBSI
ARE DENSER AND MORE ACCURATE .OTE THAT THIS IS NOT A RESULT OF ANY 4ATUNING& 4HE 30UTHERN (EMIS
#2V C MATCH THE EXPECTED ERRORS PARTICULARLY WELL IN ALL DECADES AFTER 4HE #2V CERRORSINTH
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LESS CONSISTENT AND THE ACTUAL ERRORS IN THE .ORTHERN (EMISPHERE ARE ALMOST ALWAYS LARGER THA
BY OVER HOA IN EARLIER DECADES AND BY HOA IN RECENT DECADES 4HIS SUGGESTS THAT INTHE #2VCS
ERRORS ASSIGNED TO OBSERVATIONS MIGHT BRESTOGUESS HNMEEMBLE SPREAD IS TOO SMALL THE OBSERVATION:
GUESSELDS ARE BIASED OR ACOMBINATION OF THESE

4HE PRELIMINARY #2V ERRORS BLACKCURVESIN &IG ~SHOW IMPROVEMENTS IN NEARLY EVERY TEST PERI
ACTUALERRORSINTHE & TESTPERIOD ARE STILL LARGER THAN THE EXPECTED ERRORS THIS DISCREPAN
IN #2V C 2ECALL FROM3ECTION THAT PRIORTO  ABIAS CORRECTION WAS MADE TO MARINE OBSERVATION
IN ADDITION TO THE STATION OBSERVATION BIAS CORRECTION !LTHOUGH DRY AIR MASS CONSERVATION IS M
REMOVING THE LOW PRESSURE BIAS &IG THE SHIP BIAS CORRECTION PROVIDES FURTHER IMPROVEMENT &OF
INALL REGIONS THE ACTUAL ERROR IS ALWAYS LESS THAN EXPECTED 4HIS SUGGESTS THAT THE ASSIGNED ¢
BE TOO LARGE FOR MODERN YEARS AND FUTURE WORK MAY INVESTIGATE THE EFFECTS OF TIME VARYING OB
LALOYAUX ET AL .EVERTHELESS THE OVERALL EFFECT OF THE NEW ALGORITHMS IN THE VERSION SYSTEM IN
CORRECTION IS TO DECREASE THE 2-3 ERRORS IN SEVERAL DIFFERENT TEST PERIODS

4HESE IMPROVEMENTS IN 2-3 ERRORS MAY BE DUE TO THE UPDATED MODEL ASWELL AS TO THE NEW ALGORITH
INTHE #2V SYSTEM 4HIS IS SUPPORTED BY INVESTIGATIONS INTO THE STATION BIAS CORRECTIONS RECALL THA
ARE BASED ON DAY AVERAGE DIFFERENCES BETWEEN OBSERVATIONS FROM RATISSESBORASEUREEAT THAT
LOCATION )DEALLY THE CONSISTENT MISMATCH BETWEEN OBSERVARS®NSWRESTAREMBDAEHES IN THE OBSERVATION
THAT ARE REMOVED HOWEVER THE MISMATCH COULD BE DUE TO MODEL ERRORS AND THE ALGORITHM WOULD
THE OBSERVATIONS AWAY FROM REALITY AND TOWARDS THE BIASED MODEL STATE )N PARTICULAR IT IS LIKELY
SCALE SPATIAL PATTERNS ARE MODEL ERRORS THOUGH THEY COULD RESULT FROM NATIONAL ISSUES PRODUCIN
AND 'RAHAM OR INTERNATIONAL CHANGES IN OBSERVING PRACTICES THAT ARE ADOPTED BY NATIONS AT DIF
DISCUSSION IN 4ARENBERTH AND OAOLINO #ONVERSELY SMALL SCALE BIASES MAY POINT TO A MIS ASSIGNN
ELEVATION OR POSITION THESE ARE OBSERVATIONAL BIASES THAT SHOULD BE CORRECTED

&IGURE LEFT COLUMN SHOWS THE ANNUAL AVERAGE STATION PRESSURE BIASES FROM AND  TH,
REMOVED FROM OBSERVATIONS IN #2V C .OTE THE ANNUAL VALUES IN THE REGION OVER EASTERN %UROPE AND |
ISIAARE CONSISTENTLY NEGATIVE SUGGESTING AMODEL BIAS SEE ALSO VAN DEN"ESSELAAR ET AL #ONVER!

DATA DOES NOT SHOW THE SAME SPATIAL OR TEMPORAL CONSISTENCY OF NEGATIVE VALUES IN THIS REGION ¢
4HIS SUGGESTS THAT THE MODEL USED IN VERSION MAY BE LESS BIASED THANIN #2V C INOTHER CAUSE COUL
PROCESS OF THE STATION BIAS CORRECTION #2V C CALCULATED BIASES FROM THE OBSERVATIONS INTERP!
SURFACE BUT INADVERTENTLY APPLIED THE CORRECTION AT THE LEVEL OF THE OBSERVATION IN #2V THE
CALCULATED AND APPLIED AT THE LEVEL OF THE OBSERVATION

5NLIKE THE %URASIAN BIASES CONSISTENT REGIONAL BIASES OVER THE 53 HAVE HARDLY CHANGED IN  #:
WHETHER THIS IS AMODEL BIAS EFFECT ORNOT /THER POSSIBLE CAUSES OF LARGE SCALE BIASES INCLUDE O
MOUNTAIN RANGES TEND TO BE CONSISTENT SEE THE (IMALAYA AND NATIONALITY DUE TO COUNTRY SPECI
CORRECTION METHODS CF THE #ANADIAN & FOOT RULE& 3LONOSKY AND 'RAHAM &INALLY VERSION IN
OTHER CHANGES TO THE ASSIMILATION METHOD AND THE OBSERVATION HANDLING AS WELL AS CHANGES TO’
ITISDIF CULT TO CON DENTLY CONCLUDE THAT THE NEGATIVE BIAS OVER NORTHERN ISIA WAS AXEIDEL ERROI
2EGARDLESS THE OVERALL MISMATCH BETWEEN STATION GESSERVETHDDS ANSBEEN NOTABLY DIMINISHED IN

#2V 4HIS LEADS TO ANALYZEDBI®S &GURE AND HOAGEOPOTENTIAL HEIBH®&IGURE THAT ARE CLOSER

TO THOSE OF %2! )NTERIMAND *2! PARTICULARLY IN NORTHERN %URASIA
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\ 2EPRESENTATION OF HURRICANES

(ISTORICAL REANALYSES ARE ESPECIALLY USEFUL FOR STUDYING EXTREME WEATHER EVENTS SINCE THESE
BUT HIGH IMPACT EVENTS 4ROPICAL AND EXTRATROPICAL CYCLONES ARE OF PARTICULAR INTEREST AS THEY
AND ENORMONISNCIAL COSTS 40 IMPROVE UNDERSTANDING AND PREDICTIONS OF THESE STORMS IT IS NECE:
OUR UNDERSTANDING OF THE LARGE SCALE DRIVERS OF THEM AS WELL AS HOW STORM CHARACTERISTICS ARE
CHANGES )F HISTORICAL REANALYSES CAN ACCURATELY CAPTURE THESE STORMS THEY PROVIDE ALONG C(
EXTREME EVENTS AND THEIR ASSOCIATE LARGE SCALE ENVIRONMENT

)N ORDER TO REPRESENT TROPICAL CYCLONES 4#S #2V C ASSIMILATED 4# DATAFROM )"4R1#3 +NAPP ET /
ADDITION TO LAND STATION AND MARINE PRESSURE OBSERVATIONS )"4R!#3 CONSISTS OF ACTUAL PRESSURE MEA!
REPORTS CALCULATED AS TIME INTERPOLATED VALUES FROM TROPICAL CYCLONE WARNING CENTERS AND WIND |
REPORTS SEE#OMPO ET AL +NAPP ET AL FOR MORE DETAILS 3INCE THESE DATA ARE OFTEN SIGNI CA
PRESSURE VALUES THAN THE NEARBY STATION OBSERVATIONS THEY WOULD GENERALLY FAIL THE QUALITY COI
OBSERVATIONS TO THEIR NEAREST NEIGHBORS SEE !PPENDIX " OF #OMPO ET AL THEREFORE THE #2 S
)'4R!#3 DATABYPASS THESE CHECKS AND ASSIMILATES THESE DEEP LOW DATA

)N VERSION C THESE DATA WERE ASSIGNED OBSERVATION ERRORS THAT WERE MUCH HIGHER THAN FO
OBSERVATION TO PREVENT NUMERICAL INSTABILITIES FROM ARISING IMMEDIATELY AFTER ASSIMILATION SEE 4AB|
LTERING TO SMOOTH THE EVOLUTION OF THER(S UPEPSEHSING SMALLER ERRORS WOULD OCCASIONALLY ST
AMPLIFYING GRAVITY WAVES AND NUMERICAL INSTABILITY 7HILE THE LARGE ERROR ASSIGNMENT ELIMINATE
RESULTING #2V C ANALYSES CAN HAVE CENTRAL PRESSURE VALUES THAT ARE MUCH HIGHER THAN THE )"4R#3
BY HOA OR MORE 4HE VERSION SYSTEM WITH AN UPDATED HIGHER RESOLUTION FORECAST MODEL AND
THESE OBSERVATIONS MORE EFFECTIVELY ISSIMILATING 4# LOW PRESSURE VALUES INTO THE VERSION SYSTEL
INSTABILITIES AND SO THE )"4R!#3 DATA CAN BE ASSIGNED SMALLER OBSERVATION ERRORS SEE4ABLE 4HIS OFT
CYCLONES WITH CENTRAL PRESSURE ANALYSES THAT ARE CLOSER TO THE ORIGINAL )"4R#3 VALUE

IS AN EXAMPLE WE INVESTIGATE A STRONG HURRICANE THAT HIT 'ALVESTON 4EXAS IN!IUGUST  &IGURE
THE ANALYZED SEA LEVEL PEEBSURENTOURS FROM REANALYSES AS WELL AS LOCATIONS OF OBSERVATION
EACHSYSTEMBETWEEN UG 54# AND UG 54# CIRCLES THIS WINDOW WAS CHOSEN SO THAT
OBSERVATIONS ASSIMILATED AT 54# WOULD BE SHOWN AS WELL AS THOSE ASSIMILATED AT  54# &0OR EAC
OBSERVATIONS THAT WERE ASSIMILATED ARE SHOWN AS SOLID CIRCLES WHILE OBSERVATIONS THAT WERE R
QUALITY CONTROL STEP ARE OPEN CIRCLES "LUE CIRCLES REPRESENT STATION AND MARINE OBSERVATIONS Al
)'4RH3 DATA #2V C &IG A ASSIMILATED THE )"4RI#3REPORTOF HOAON UG AT 54# PRODUCING
AN ANALYZED VALUE OF HOA AT THE CENTER OF THE STORM )N VERSION &IG B THE STORM IS EVEN STR(
ANALYZED VALUE AT THE CENTER OF THE STORM HAS DECREASED TO HOA REDUCING THE OBSERVATION A
CALCULATED FROM #2V CBY HALF 3INCE THE )"4R!#3 REPORTS WERE AVAILABLE AND ASSIMILATED INTO #2V CA
BEGINNINGON UGUST  THISHURRICANE EVOLVED AND STRENGTHENED CONTINUOUSLY IN TIME INBOTH VERSIC
SHOWN &OR COMPARISON THE %2! # QUALITY CONTROL REJECTED THE )"4R!#3 OBSERVATIONS &IG C AND AN
PRESSURE SYSTEM THAT IS WEAKER THAN THAT OF #2V C AND HAS A MISALIGNED CENTER 4HE #%2! # SYSTEM A
THE )"4R!#3 OBSERVATIONS BUT ADDITIONALLY ASSIGNED LARGER ERRORS TO THE NEARBY STATION DATA THA!I
ETAL THEREBY SHOWING NO TRACE OF THESTORM &IG D ,ALOYAUXETAL CONDUCTED EXPERIMENT
#%2! #SYSTEM INWHICH THIS TYPE OF OBSERVATION WAS WHITE LISTED AND FOUND THIS YIELDED BETTER PEI
#%2! #FORTWOHURRICANESIN AND THEIR&IG
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7HILE THE CHANGES FROM THE VERSION C SYSTEM TO THE VERSION SYSTEM HAVE RESULTED IN MANY IMPR(
THE BOARD THERE ARE SEVERAL REMAINING ISSUES IN #2V AS WELL AS NEW QUESTIONS THAT HAVE ARISEN &
&IGURE THE PRECIPITATION BIASES THAT HAVE STRENGTHENED IN #2V PARTICULARLY THE APPEARANCE OF A
THE OVERESTIMATION OF GLOBAL PRECIPITATION RATES RELATIVE TO '0#0 4HE 3OUTHERN EHMISRHGEREON DENC
ALSO DEMONSTRATE THAT THERE IS SOME REMAINING LARGE UNCERTAINTY OVER INTARCTICA THOUGH THES
SMALL DESPITE TESTS THAT LED TO ADJUSTING THE IN ATION PARAMETER IN THE 3OUTHERN (EMISPHERE

&IGURE AND &IGURE A BDEMONSTRATE ANOTHER POTENTIAL ISSUE WITH THE 30OUTHERN (EMISPHERE A
BIAS OVER INTARCTICA &IGURE SHOWS THAT THE ANNUAL AVERAGE SEA LEVEL PRESSURE OVER INTARCT
SEVERAL HOA HIGHER THAN THE #2V C MODERN CLIMATOLOGY AND THIS ANOMALY IS LARGERIN #2V THANIT WA
&IGURE DEMONSTRATES THAT #2V ALSO DISPLAYS THIS HIGH PRESSURE BIAS INAMODERN DIFFERENCE CALCUL
TO %2! )NTERIM (OWEVER THE STRONG DIFFERENCE RELATIVE TO %2! )NTERIM IS MAINLY OVER THE INTARCTIC LAN
AFAIRLY HIGH TOPOGRAPHY SO THE SEA LEME ISREESIYREOT AN APPROPRIATE VARIABLE TO CONSIDER WHEN DI/
THE MASS OR CIRCUIEAD@¥ THIS REGION )NDEED THE 3,0 DIFFERENCEWITH*2! &G C D HAS THE OPPOSITE <
THIS REGION

! THIRD 30UTHERN (EMISPHERE ISSUE REGARDING A TREND IN SUB INTARCTIC SEAREVEROBESITURH AT
DURING AN INVESTIGATION OF %2! # OOLIET AL AND IS DEMONSTRATED IN &IGURERESHOWS THE
SEASONAL TIME SERIES OF SEA LEVEL PRESSURE AREA AVERAGHDROEEZEWBRE) OE %2! # GREEN #%2!

# GOLD AND %2!)NTERIM ORANGE AS WELL AS DATA FROM AN ENSEMBLE OF MODEL SIMULATIONS USING THE 1
BUT THAT DID NOT ASSIMILATE ANY OBSERVATIONS aNO $!4 RED AND PRELIMINARY #2V DATA FOR THE TEST PER

AND BLACK %2! #HAS AHIGHPRESSURE BIAS SOUTH OF 3INTHEEARLY THCENTURY THATIS

PARTICULARLY STRONG IN AUSTRAL SUMMER GREEN CURVEIN &G ABETWEEN AND #OMPARISONS WIT
SHOW THAT IT HAS A SIMILAR BIAS AS %2! #IN OTHER SEASONS BUT AWEAKER BIAS THAN %2! #IN $EC *AN &EB /
DROP AND SUBSEQUENT INCREASE IN 3,0 FROM #2V CIN ALL SEASONS MOST NOTABLY IN3EPT /CT .OV FROM
WITH ANOTHER SIGNI CANT DROP OFF BETWEEN AND  4HE PRELIMINARY #2V DATAAGREESWITHTHE #2V C
FOR THE MOST PART THOUGH THE EARLY TH CENTURY -ARCH !PRIL -AY 3,0 HAS BEEN DIMINISHED )N ALL SEASOL
MODERN #2V 3,01S STILLABOUT HOALOWER THAN THE EARLY THCENTURY 3,0

%2! #AND THE #2DATASETS USED ENTIRELY DIFFERENT MODELS AND ASSIMILATION METHODS BUT SHOW S
WHICH SUGGESTS THE CULPRIT IS IN THE OBSERVATIONS OOLIET AL AND ,ALOYAUXET AL ASSERT THA
WAS CAUSED NOT BY ABIAS IN THE OBSERVATIONS BUT BY THE SPATIAL PATTERN OF OBSERVATIONS AT THIS
(EMISPHERE )N PARTICULAR MOST OF THE OBSERVATIONS ARE LOCATED IN THE SUBTROPICAL HIGH PRESSL
INCREMENTS FROM ASSIMILATING THESE OBSERVATIONS WERE COMMUNICATED TO THE UNOBSERVED AND
REGION FARTHER SOUTH 4HEY ARGUE THAT THIS IS CAUSED BY OBSERVATION ERRORS THAT ARE TOO SMA
#%2! # LARGER OBSERVATION ERRORS WERE ASSIGNED IN THIS TIME PERIOD 4HIS HAS SIGNI CANTLY DECREASEI
FROM #%2! #INALL SEASONS GOLD CURVESIN&IG  THOUGH IT REMAINS SOMEWHAT IN $*& WHEN THE BIAS |
WAS MOST OBVIOUS (EGERL ET AL POINT OUT THE (AD#254 TEMPERATURE DATASET -ORICEET AL ALSOE
ANOMALOUSLY COLD 334S DURING THE YEARS IN THE 3BOUTHERN/CEAN THEIR &IG C POSSIBLY DUE TO INS
BIASES OR UNCERTAINTIES IN THELSESAINDEESTIGATIONS INTO THIS ISSUE AND POSSIBLE CONNECTIONS WITH THE 3,
&G ARE ONGOING
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7ITH THE GROWING NEED TO UNDERSTAND AND PREDICT CLIMATE AND EXTREME WEATHER VARIATIONS ON DE
TIMESCALES THE USE OF HISTORICAL REANALYSES CONTINUES TO EXPAND IN AREAS SUCH AS ASSESSMENT
CHANGE INVESTIGATIONS OF EXTREME EVENTS AND DETAILED HISTORIES OF WEATHER )T IS THEREFORE BEC(
THAT THESE REANALYSES BE RELIABLE BOTH IN THEIR STATE ESTIMATES AND THEIR QUANTI CATION OF UNC
RECOGNIZE WHEN AND WHERE HISTORICAL REANALYSES CAN BE CON DENTLY UTILIZED AND WHEN CAUTION ¢
DIFFERENT DATASET CHOSEN 4HISWORKSEEKS TO ILLUMINATE PARTICULARASPECTS OF #2V CTHATREQUIREC
THE WAYS IN WHICH THESE ISSUES INFORMED THE DEVELOPMENT OF THE #2V SYSTEM AND PARTICULAR ASPECT
SHOW PRELIMINARY IMPROVEMENTS OVER #2V C

4HE AWENTIETH #ENTURY 2EANALYSIS VERSION C IMPROVED UPON SEVERAL ISSUES DISCOVERED IN THE
#)2%3 HISTORICAL REANALYSIS #2V BUT OTHER PROBLEMS REMAINED 4HEY PROVIDED SPECI C FOCUS AREAS W
THE .M #)2%3 $/% #2V SYSTEM )NDEED MANY OF THE ISSUESIN #2V C DISCUSSED HERE HAVE BEEN AMELIORAT
IN #2V DUE TO ACOMBINATION OF FACTORS ANEWER .#%0 '&3 FORECAST MODEL WITH HIGHER RESOLUTION I
ASSIMILATION ALGORITHMS OBSERVATION PROCESSING AND QUALITY CONTROL AND AN UPDATED )30$ OBSERVAT
OTHERISSUES WITH #2V C EXIST THAT HAVE NOT BEEN DISCUSSED HERE INCLUDING SPINUP EFFECTS IN SEAIC
DEPTH AND SOIL MOISTURE AND BIASES IN THE UPPER STRATOSPHERIC TEMPERATURES SOME OF THESE IS

#2V AND WILL BE DISCUSSED IN FUTURE WORK

ORELIMINARY RESULTS WITH THE #2V DATASET ARE QUITE PROMISING THOUGH THEY ARE ALREADY HIGHL
FUTURE RESEARCH PARTICULARLY IN THE 4$EEP 30UTH& OF THE 30UTHERN (EMISPHERE 4HE CON DENCEIN T
TOO LOW FURTHER WORK REGARDING THE RELAXATION TO PRIOR SPREAD IN ATION ALGORITHM IN THIS REGIO
INCREASE THE CON DENCE TO MORE REALISTIC VALUES ! LARGER SET OF AVAILABLE OBSERVATIONS IN THIS REGI(
THE CON DENCE RECALL &IGURE MOTIVATING GREATER DATA RESCUE EFFORTS HERE 'ATHERING HIGH QUA
THESE SPARSELY OBSERVED REGIONS REMAINS A CHALLENGE WITHIN THE DATA RESCUE COMMUNITY [ILLAN ET Al
ETAL BUT NEW DATA RESCUE EFFORTS 30UTHERN7EATHERS$ISCOVERY ORG ARE BEGINNING TO ADDRES
ARE ALSO NEEDED IN OTHER SPARSELY OBSERVED REGIONS AS WELL AS GLOBALLY IN THE EARLY THCENTU
EFFORTS INCLUDING #2% ACTIVITIES 7TEATHER2ESCUE ORG THE #OPERNICUS #LIMATE #HANGE 3ERVICE 30U
RESCUE PROJECT AND THE 5+ #HINA #LIMATE 3CIENCE FOR 3ERVICE OARTNERSHIP HAVE THE POTENTIAL TO SIGN
OBSERVATIONAL DATABASE IN THESE REGIONS

$ESPITE SOME REMAINING CHALLENGES WITH #2V THERE ARE EARLY SUGGESTIONS THAT THIS DATASE
FOR STUDIES IN WHICH #2V C REQUIRED MORE CAUTIOUS ANALYSIS FOR EXAMPLE TROPICAL CYCLONES SE
STRONGER SIGNALS IN #2V THANIN #2V C 4HIS SUGGESTS THAT #2V MAY BE USED FOR VALIDATING ONGOINC
TROPICAL CYCLONE RESEARCH THAT EXTENDS )"4R#3 BACK IN TIME $IAMOND ET AL AND FOR CORROBOR!/
DISCONTINUOUS STORM TRACK INFORMATION E G WHEN STORM SYSTEMS PASSED CLOSE TO ISLANDS OR SHIPS
IN ATION ALGORITHM ALSO ALLOWS FOR MORE CONSISTENT STUDIES OF LONG TERM TRENDS AND UNCERT/
EXHIBITED ARTI CIAL SIGNALS DUE TO ABRUPT PARAMETER CHANGES

3INCE THE PROCESS OF CREATING HISTORICAL REANALYSES IS ACONTINUOUS CYCLE OF IMPROVEMENT W
AHEAD TO FURTHER UPGRADES TO THE #2 SYSTEM )N PARTICULAR .#%0 HAS RECENTLY SIGNI CANTLY UPD/
FORECAST SYSTEM WNITHXOLUME CUBED SPHERE MODEL (ARRIS AND ,IN PRELIMINARY DOCUMENTATION AV
ATHTTPS VLAB NCEP NOAA GOV WEB FV GFS THE CHANGES RESULTING FROM THIS MODEL VERSUS THE PREV
NEED TO BE INVESTIGATED 2ECENT INVESTIGATIONS INTO COUPLED DATA ASSIMILATRSN AMAERIENWVIST ADNDOHE
A QUASI STRONGLY COUPLED DATA ASSIMILATION ALGORITHM IN#%2! # ,ALOYAUXET AL SUGGEST THAT FU
OF #2 COULD BENE T FROM COUPLED SYSTEMS &INALLY WHILE ALL VERSIONS OF #2 SO FAR HAVE ONLY ASS
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PRESSURE THE POSSIBILITY OF ASSIMILATING OTHER TYPES OF DATA SUCH AS MARINE WINDS SEA ICE OBSERVA’
SEEMS TO BE MORE FEASIBLE AS DATA ASSIMILATION ALGORITHMS CONTINUE TO MATURE

V#+./7,%%$'%-%.43

3UPPORT FOR THE AWENTIETH #ENTURY 2EANALYSIS OROJECT IS PROVIDED BY THE OHYSICAL 3CIENCES $IVISION |
3YSTEM 2ESEARCH ,ABORATORY THE 53 $SEPARTMENT OF %NERGY /F CE OF 3CIENCE /F CE OF "IOLOGICAL AND ¢
2ESEARCH "%2 AND BY THE .ATIONAL /CEANIC AND ITMOSPHERIC IDMINISTRATION /!l #LIMATE OROGRAM /F CE
RESEARCH USED RESOURCES OF THE .ATIONAL %NERGY 2ESEARCH 3CIENTI C #OMPUTING #ENTER .%23# A53
%NERGY /F CE OF 3CIENCE 5SER &ACILITY OPERATED UNDER#ONTRACT.O $% # #(  30OME COMPUTING WAS /
PERFORMED ON ./l'8S 2EMOTELY $EPLOYED (IGH OERFORMANCE #OMPUTING 3YSTEMS

0 "ROHANAS 5+-ET/F CE EXTENSIVE WORK ON )#/!$3 AND ON THE MARINE BIAS CORRECTION ALGORITHMUSED |
IS GRATEFULLY ACKNOWLEDGED - "ENOY FOR THE #ITIZEN 3CIENCE 5NIT OF THE IUSTRALIAN -ETEOROLOGICAL ISS
WITH THE IUSTRALIAN "UREAU OF -ETEOROLOGY IS GRATEFULLY ACKNOWLEDGED FOR ONGOING SUPPORT #t
2AYNER AND THE 5+ -ET /F CE IN THE DEVELOPMENT PRODUCTION AND USE OF (AD)334 BOUNDARY CONDITIONS A
ACKNOWLEDGED ( -AECHELAS $7$ CONTRIBUTION OF 'ERMAN CLIMATE OBSERVATIONS IS GRATEFULLY ACKN
AUTHORS WOULD LIKE TO ACKNOWLEDGE THE CONSULTANTS OF .%23# FOR THEIR HELP WITH IMPLEMENTING
4HE AUTHORS WOULD ALSO LIKE TO THANK THE FOLLOWING INDIVIDUALS FOR THEIR INVALUABLE CONTRIBUTION
)30$ , ILEXANDER 5NIV OF .EW 30UTH 7ALES - "ARRIENDOS 5NIV OF "ARCELONA 4 "RANDSMA +.-) 9 "RUGNA
5NIV OF "ERN / "ULYGINA !ILL 2USSIA 2ESEARCH )NSTITUTE OF (YDROMETEOROLOGICAL )NFORMATION ! $/
OF IBERDEEN * &ILIPIAK 5NIV OF 'DANSK 0 '‘ROISMAN .# 3TATE 5NIVERSITY 2ESEARCH 3CHOLAR AT ./!! .#%)
(OLOPAINEN 5NIV OF (ELSINKI $ *ONES !USTRALIAN "UREAU OF -ETEOROLOGY 4 *2NSSON )CELANDIC -ET /F
2PEZ )NSTITUTO .ACIONAL DE -ETEOROLOG-A -ADRID / -ESTRE -"T'O &RANCE ! -OBERG 3TOCKHOLM 5NIVE
/ .ORDLI .ORWEGIAN -ETEOROLOGICAL )NSTITUTE - 20DWELL %#-7& 4 3CHMITH $ANISH-ETEOROLOGICAL )N
, 3RNEC #ROATIAN -ETEOROLOGICAL AND (YDROLOGICAL 3ERVICE - 40LSTYKH (YDROMETCENTRE OF 2USSI
-IDWESTERN 2EGIONAL #LIMATE #ENTER AND 0 7O0ODWORTH .ATIONAL /CEANOGRAPHY #ENTRE )"4R'#3 DATA ARI
OF + +NAPP /Il #%) 0 ,ALOYAUX %f#-7& |S THANKED FOR DISCUSSIONS REGARDING TROPICAL CYCLONE REPRE:!
4HE EFFORTS OF THE .#!2 SATA %NGINEERING AND #URATION 3ECTION ESPECIALLY $ 3CHUSTER 2 #ONROY AN
ACKNOWLEDGED 4HE TECHNICAL SUPPORT OF THE )4 GROUP OF THE ./!! %ARTH 3YSTEM 2ESEARCH ,ABORATORY 0
$IVISION IS ACKNOWLEDGED OARTIAL SUPPORT FROM 3WISS2E AND COLLABORATION WITH 0 :IMMERLI IS ACKNOWLI
FROM! 3HLYAEVA #)2%3 ./'! ON AN EARLIER VERSION IMPROVED THIS MANUSCRIPT

* +ENNEDY WAS SUPPORTED BY THE -ET /F CE (ADLEY #ENTRE #LIMATE OROGRAMME FUNDED BY "%)3 AND
"RUNET ACKNOWLEDGES #OPERNICUS #LIMATE #HANGE 3ERVICE #3 $ATA 2ESCUE 3ERVICE $23 #ONTRACT

&%.)8 4 3 * 'ERGIS WAS FUNDED BY IUSTRALIAN 2ESEARCH #OUNCIL OROJECT $% % (AWKINS WAS

SUPPORTED BY THE 5+ .ATIONAL #ENTRE FOR ITMOSPHERE 3CIENCE ! +APLAN ACKNOWLEDGES THE = GRANT FR(
#LIMATE #ENTER AND ./!'! AWARDS .! /12 AND .! /12 4HE RESEARCH WORK OF 2 ORZYBYLAK
AND 0 7YSZYESKI WAS SUPPORTED BY THE .ATIONAL 3CIENCE #ENTRE OOLAND 'RANTS.O $%# "34
AND "34 - 1 BALENTE ACKNOWLEDGES )NSTITUTO $OM ,UIZ 4 &ACULTY OF 3CIENCE OF THE 5NIVERSITY
OF ,ISBON )NSTITUTO OORTUGU®S DO -AR E DA ITMOSFERA )0-! )NSTITUTO 'EOF=SICO DO OORTO )NSTITUTC
5NIVERSIDADE DE #OIMBRA OROJECTS 3)'. &#4 0/#4) %2!#,)- &0 AND %2!#,)- &0

4HE *USTUS ,IEBIG 5NIVERSITY OF 'lESSEN 'ERMANY IS THMANEIBIESBPPORT TO DIGITISE QUALITY CONTROL
ANALYSE EARLY INSTRUMENTAL METEOROLOGICAL DATA ACROSS THE WORLD MAEERILLY\SUNEPRIEDERAREHE
5NIVERSITY OF '[ESSEN AND DIGITIZED SUBDAILY PRESSURE DATA , $ERGIANLI ' +ELLY $ 80PLAKI 6 )JAKOVOGLOU
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% 4SALKITZIDOU - ITHANASIOU , &ERGER ! -EGALOU # #HANDOLIA % &LEITMANN 0 :AFEIROPOULOU + .AN - /ST
* 3CHERMULY # -ETT , 4HEILE * :UCKERMANN 0 3TREHLAU # 3AMARAS ! 4SIKERDEKIS # ITHANASIOU * "RAUN 4
* $SAMSTER . \UTHER - -ILTSCHEFF OETROFF - +ELBLING 'RIECHBAUM - (ENSGEN AND * 6IEZENS , $ERGIAI
ACKNOWLEDGED FOR QUALITY CONTROL COORDINATION MANAGEMENT AND PREPARATION OF ALL 5NI'IESSI
- I BALENTE - "RUNET * ,UTERBACHER 2 !ILLAN ' 0 #0MPO 0 *ONES 3 "RUNNIMANN AND! ,ORREY ACKNOWLLI
OACKAGE OF THE #OPERNICUS #LIMATE #HANGE 3ERVICE A ,OT FOR#OLLECTION AND OROCESSING OF )N 3ITU
$ATA2ESCUE * ,UTERBACHER AND 2 !LLAN ACKNOWLEDGE #LIMATE 3CIENCE FOR 3ERVICE OARTNERSHIP #HIN/
* ,UTERBACHER ALSO ACKNOWLEDGES THE $!!$ PROJECT &44HE -EDITERRANEAN (OT 3POT& AND THE *0) #LIM/
&ORUM COLLABORATIVE 2ESEARCH ICTION &).4%'2!4% !N INTEGRATED DATA MODEL STUDY OF INTERACTIONS BE
MONSOONS AND EXTRATROPICAL CLIMATE VARIABILITY AND EXTREMES4& 3 "RUNNIMANN ADDITIONALLY ACKNOW
THE %UROPEAN 2ESEARCH #OUNCIL UNDER ( 'RANT 01,1%/ 2!
'0#0 DATA PROVIDED BY THE ./!! /'2 %32, 03$ "OULDER #OLORADO 53! FROM THEIR WEB SITE AT

HTTPS WWW ESRL NOAA GOV PSD 4HE %2! )NTERIM %2! # AND #%2! #DATASETS ARE COURTESY OF %#-7&
SCIENTI C RESULTS AND CONCLUSIONS AS WELL AS ANY VIEWS OF OPINIONS EXPRESSED HEREIN ARE THOSE
NOT NECESSARILY RE ECT THE VIEWS OF THE 5NIVERSITY OF #OLORADO ./!! THE $EPARTMENT OF #OMMERCE
ORGANIZATION ASSOCIATED WITH THIS WORK

2%&%2%.#%3

IDLER 2 (UFFMAN ' #HANG ! &ERRARO 2 8IE 0 *ANOWIAK * 2UDOLF " 3CHNEIDER 5 #URTIS 3 "OLVIN $ 'RUBI
3USSKIND * AND!RKIN 0 4HE VERSION 'LOBAL ORECIPITATION #LIMATOLOGY OROJECT '0#0 MONTHLY PRECIPITAT
YSIS  PRESENT * (YDROMETEOR &

ILLAN 2 ANDINSELL 4 I'NEW GLOBALLY COMPLETE MONTHLY HISTORICAL GRIDDED MEAN SEA LEVEL PRESSURE DAT
a *OURNAL OF #LIMAT& 52, https://doi.org/,.,,”t/ICLI,S, .,

ILLAN 2 "ROHAN 0 #OMPO ' 0 3TONE 2 ,UTERBACHER * AND "RUNNIMANN 3 4HE )NTERNATIONAL ITMOSPHERIC #l
TION 2ECONSTRUCTIONS OVER THE %ARTH #2%JINBTANMETHE 'MERICAN -ETEOROLOGICAL 3CE2ETY
https://doi.org/,s.,,”t/f+,,BAMS, f %o.,

INDERSON * | %XPLORING THE NEED FOR LOCALIZATION IN ENSEMBLE DATA ASSIMILATION USING A IHIERARCHIC
TER OHYSICA $ .ONLINEAR OHENOMEN& 52, http://www.sciencedirect.com/science/article/pii/
St f %oSeteef,3%0 SATAISSIMILATION

INDERSON * , AND INDERSON 3, I-ONTE #ARLO IMPLEMENTATION OF THE NOBRINGAROBLEM TO PRODUCE ENSEM
BLE ASSIMILATIONS AND FORBCRATS7EATHER 2EVIEWA

INSELL 4 * *ONES 0$ !LLAN 2 * |ISTER $ OARKER $ % "RUNET - -OBERG ! *ACOBEIT * "ROHAN 0 2AYNER . ! IGUI
% ILEXANDERSSON ( "ARRIENDOS - "RANDSMA 4 #OX . * $ELLA-ARTA 0 - $REBS ! &0OUNDA $ 'ERSTENGARB
(ICKEY + *2NSSON 4 ,UTERBACHER * .ORDLI — /ESTERLE ( OETRAKIS - OHILIPP ! 20DWELL - * 3ALADIE / 3IGE
3LONOSKY 6 3RNEC , 3WAIL 6 'ARC-A3UREZ ! - 4UOMENVIRTA ( 7ANG 8 7ANNER ( 7ERNER 0 7HEELER $ Al
8OPLAKI % $AILY MEAN SEA LEVEL PRESSURE RECONSTRUCTIONS FOR THE %UROPEAN&.ORTH ITLANTIC REGIC

a *OURNAL OF #LIMATE 52, https://doi.org/,e.,,”t/JCLI,"T.,

"ENGTSSON , (AGEMANN 3 AND (ODGES + ) #AN CLIMATE TRENDS BE CALCULATED FROM REURNAY S BAOTA
PHYSICAL 2ESEARCH TMOSPSIERE Shttps://agupubs.onlinelibrary.wiley.com/doi/abs/ 2.ofS/fee.. . dDes.. T,

VAN DEN "ESSELAAR % * - (AYLOCK - 2 VANDER3CHRIER ' AND +LEIN4ANK ! - ' 1%UROPEAN DAILY HIGH RESOLU
OBSERVATIONAL GRIDDED DATA SET OF SEA LEMBRRRESSUHREPHYSICAL 2ESEARCH ITMOSPHERES
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"LOOM 3 # 4AKACS ,, DA3ILVA ! - AND,EDVINA $  $ATAASSIMILATION USING INCREMENTAL ANALYSTSHUPDATES
TEATHER2EVIEW & 52, https://doi.orgle.,.”t/,t fe- +...5,(,SS1),f...sf T1:DAUIAUSf +.CO; f

"OSILOVICH - ' 20BERTSON & 2 AND #HEN * 'LOBAL ENERGY AND WATER BUDGETSQURAZR! OF #LIMATE
a 52, https://doi.org/,e.,,”t/fe,JCLI...,”T.,

"ROHAN 0 #OMPO ' 0 "RUNNIMANN 3 ILLAN 2 * IUCHMANN 2 "RUGNARA 9 3ARDESHMUKH 0 $ AND 7HITAKER * 3
4HE A&YEARWITHOUT A SUMMER& IN AN ATMOSPHERICRBEANRE VBT $ISCUSS

"RUNNIMANN 3 "RUGNARA 9 ILLAN 2 * "RUNET - #OMPO ' 0 #ROUTHAMEL 2 ) *ONES 0 $ *OURDAIN 3 ,UTERBACI
3IEGMUND 0 6ALENTE - ! AND7ILKINSON # 7 ROADMAP TO CLIMATE DATA RESCUESERIHNES $ATA *OURNAL

a b2, https://rmets.onlinelibrary.wiley.com/doi/abs/ 0o flgdj,. T+
"RUNNIMANN 3 'RANT ! . #OMPO ' 0 %WEN 4 'RIESSER 4 &ISCHER ! - 3CHRANER - AND 3TICKLER ! IMULTI DATA
SET COMPARISON OF THE VERTICAL STRUCTURE OF TEMPERATURE VARIABILITY AND CHANGE OVER THE !RCTIC DUF
#LIMATE SYNAMICS & 52, https://doi.org/,s.,**"/ses %of - of- fS- %

"URN - * AND OALMER 3 % ITLANTIC HURRICANE ACTIVITY DURING THE LASTMNTENRERMDRTS

#OMPO ' 0 3ARDESHMUKH 0 $ AND OENLAND # #HANGES OF SUBSEASONAL VARIABILITY ASSOCIKTERNATBEOL .1°0
CLIMATE &

#OMPO ' 0 3ARDESHMUKH 0 $ 7HITAKER * 3 "ROHAN 0 *ONES 0 $ AND -C#OLL # JNDEPENDENT CON RMATION
GLOBAL LAND WARMING WITHOUT THE USE OF STATIONETHMMNMSROAURESEARCH ,ETTERS52, https:
/lagupubs.onlinelibrary.wiley.com/doi/abs/,s.,ssf/grl.Te...f T

#OMPO ' 0 7HITAKER * 3 AND 3ARDESHMUKH 0 $ &EASIBILITY OF A YEAR REANALYSIS USING ONLY SURFACE P
DATA'ULLETIN OF THE IMERICAN -ETEOROLOGICAL 30CIETY

#OMPO ' 0 7HITAKER * 3 3ARDESHMUKH 0 $ !LLAN 2 * -C#OLL # 9IN 8 60SE 2 3 -ATSUI . !ISHCROFT , !'UCHMANN
2 "ENOY - "ESSEMOULIN 0 "RANDSMA 4 "ROHAN 0 "RUNET - #OMEAUX * #RAM 4! #ROUTHAMEL 2 'ROISMAN 0
(ERSBACH ( *ONES 0 $ *ONSSON 4 *OURDAIN 3 +ELLY ' +NAPP + 2 +RUGER ! +UBOTA ( ,ENTINI ' ,ORREY ! [(
. ,UBKER 3 * ,UTERBACHER * -ARSHALL '* -AUGERI - -OCK # * -OK ( 9 .ORDLI / ORZYBYLAK 2 20DWELL - *
20SS 4 & 3CHUSTER $ 3RNEC , 6ALENTE -! 61ZI : 7ANG 8 , 7ESTCOTT . 700LLEN * 3 AND 70RLEY 3 * 4HE
INTERNATIONAL SURFACE PRESSURE DATABANK MERSMDNorgs2,te11/DIDTeKfS

#OMPO ' 0 7HITAKER * 3 3ARDESHMUKH 0 $ -ATSUI . ILLAN 2 * 9IN 8 'LEASON " % 60SE 2 3 2UTLEDGE ' "ESSE
MOULIN 0 ET AL AHE TWENTIETH CENTURY REANALY SISAFREBRECTOURNAL OF THE 20YAL -ETEOROLOGICAL 30CI

a

#RAM 4! #OMPO ' 0 9IN 8 ILLAN 2 * -C#OLL # 60SE 2 3 7HITAKER * 3 -ATSUI . ISHCROFT , IUCHMANN 2
"ESSEMOULIN 0 "RANDSMA 4 "ROHAN 0 "RUNET - #OMEAUX * #ROUTHAMEL 2 'LEASON " % 'ROISMAN 09 (ERS
( *ONES 0 $ *2NSSON 4 *OURDAIN 3 +ELLY ' +NAPP + 2 +RUGER! +UBOTA ( ,ENTINI ' ,ORREY ! ,OTT . ,UBKEI
3 * ,UTERBACHER * -ARSHALL ' * -AUGERI - -OCK # * -OK ( 9 .ORDLI — 20DWELL - * 20SS 4 & 3CHUSTER $
3RNEC , 6ALENTE -! 61ZI : 7ANG 8 , 7ESTCOTT . 7OOLLEN * 3 AND 7ORLEY 3 * 4HE )NTERNATIONAL 3URFAC
ORESSURE $ATABANK VEREOSCIENCE $ATA *OURBAL

$ALEY 2 ITMOSPHERIC DATAANALYSIS .O #AMBRIDGE 5NIVERSITY ORESS

$EE $ 0 5PPALA 3 3IMMONS ! "ERRISFORD 0 OOLI 0 +OBAYASHI 3 INDRAE 5 "ALMASEDA - "ALSAMO ' "AUER D O E
4HE %2! )NTERIM REANALYSIS #ON GURATION AND PERFORMANCE OF THE DATA ASSIMIARTERL S YSURNAL OF
THE ROYAL METEOROLOGICAL&OCIETY

$ESER # 3IMPSON ) 2 -C+INNON + ! AND OHILLIPS ! 3 4HE .ORTHERN (EMISPHERE EXTRATROPICAL ATMOSPHER
CULATION RESPONSE TO %.3/ (OW WELL DO WE KNOW IT AND HOW DO WE EVALUATE MORIRI$MACIFORINNGEY

a



0
1
2
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

PRPPOO~NOOOOR~WNEPER

Quarterly Journal of the Royal Meteorological Society Page 28 of 48

L1521 # 3,)6).3+) %41, |

$ESROZIERS ' "ERRE , #HAPNIK " AND OOLI O $IAGNOSIS OF OBSERVATION BACKGROUND AND ANALYSIS ERROR
OBSERVATION SPAGRTERLY *OURNAL OF THE 20YAL -ETEOROLOGICAB3OCIETY  http:https:/doi.org/ .
,fTi/qj.'T.,‘%o

$IAMOND ( ,ORREY ! +NAPP + AND ,EVINSON $ $EVELOPMENT OF AN ENHANCED TROPICAL CYCLONE TRACKS DA’
THE SOUTHWEST OACI CFROM  TO )NTERNATIONAL *OURNAL OF #LIMATOLOGY

$IAZ ( &OLLAND # -ANABE 4 OARKER $ 2EYNOLDS 2 AND 700DRUFF 3 7ORKSHOP ON ADVANCES IN THE USE OF HI
MARINE CLIMATE DALAETIN OF THE 7ORLD -ETEOROLOGICAL /RGANIZATION

$ONAT - ' ILEXANDER , 6 (EROLD . AND $ITTUS ! * 4EMPERATURE AND PRECIPITATION EXTREMES IN CENTURY
GRIDDED OBSERVATIONS REANALYSES AND ATMOSPHERIC MOIRNAMOEAHOMMY SICAL 2ESEARCH ITMOSPHERES
a 52, https://agupubs.onlinelibrary.wiley.com/doi/abs/ o 0oflfe3IDefT... %00

&ERGUSON # 2 ANDGILLARINI ' $ETECTING INHOMOGENEITIES IN THE AWENTIETH#ENTURY 2EANALYSIS OVER THE CI
3TATESOURNAL OF 'EOPHYSICAL 2ESEARCH TMB&PHBERES://agupubs.onlinelibrary.wiley.com/doi/abs/,s.
*fS/fe,IDe,1S%0%0

&REEMAN % 700DRUFF 3 $ 70RLEY 3 * \UBKER 3 * +ENT % # INGEL 7 % "ERRY $) "ROHAN 0 %ASTMAN 2 'ATES
)#/'$3 2ELEASE ~ AMAJOR UPDATE TO THE HISTORICAL MARINE CLIMATETERBAREDNAL *OURNAL OF #LIMATOLOGY
a

&UJIWARA - 7RIGHT * 3 -ANNEY ', 'RAY , * INSTEY * "IRNER 4 $AVIS 3 'ERBER % 0 (ARVEY 6, (EGGLIN - )
(OMEYER # 2 +NOX * ! +R»GER + ,AMBERT ! ,ONG # 3 -ARTINEAU 0 -OLOD ! -ONGE 3ANZ " - 3ANTEE - ,
JEGTMEIER 3 #HABRILLAT 3 4AN $ ' ( *ACKSON $ 2 OOLAVARAPU 3 #OMPO ' 0 $RAGANI 2 %BISUZAKI 7 (AF

9 +OBAYASHI # -C#ARTY 7 /NOGI + OAWSON 3 3IMMONS ! 7ARGAN + 7HITAKER * 3 AND:OU # : JNTRO
DUCTION TO THE 30!2# 2EANALYSIS )NTERCOMPARISON OROJECT 32)0 AND OVERVIEW OF THETRE2ASAHERIS SYSTE|
#HEMISTRY AND OHYSIGS 52, https://www.atmos-chem-phys.net/  ,*/,...,”/f*/

'ASPARI ' AND #OHN 3 % #ONSTRUCTION OF CORRELATION FUNCTIONS IN TWO AND THREHE BRUENSIIRNGAL OF THE
20YAL -ETEOROLOGICAL 30@IETY

'ELARO 2 -C#ARTY 7 3UREZ - * 40DLING 2 -OLOD ! 4AKACS , 2ANDLES # ! $ARMENOV ! "OSILOVICH - ' 2EICHLE
2 7ARGAN + #OY , #ULLATHER 2 $RAPER # IKELLA 3 "UCHARD 6 #ONATY ! DA3ILVA!- 'U7 +IM '+ +OSTER 2
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41", % OLATFORM DEPENDENT BASELINE OBSERVATION ERRORS USED INTHE #2V SYSTEM INHOA .OTETF
SURFACE PRESSURE DATA ARE ASSIMILATED INCLUDING FROM RADIOSONDE AND DROPSONDE OBSERVING PLAT
TO STATIONS THAT DO NOT REPORT SURFACE PRESSURE ONLY SEA LEVEL PRESSURE

4YPE %RROR HOA
RADIOSONDE

DROPSONDE

MARINE

STATION

STATION 3,0 ONLY

TROPICAL CYCLC

3,0 SEALEVEL PRESSURE

41", % #OVARIANCE IN ATION PARAMETERS USED IN #2V C AS AFUNCTION OF LATITUDE AND YEAR ! VALUEC
CORRESPONDS TONO IN ATION .§ . 4ROPICS .a 3 3( 38 3

YEARS ( 4ROPICS 3(

b a»  a» a»

[}

.( .ORTHERN (EMISPHERE 3( 30OUTHERN
(EMISPHERE
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Available observations per assim cycle (global)
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&)'52% 4IME SERIES OF THE ANNUAL AVERAGE NUMBER OF OBSERVATIONS AVAILABLE TO BE ASSIMILATED GL
WINDOW WITHIN #2V C )30$V  SOLID BLACK AND #2V )30$V DASHED GRAY

Sea level pressure spread, 65S-40S
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&)'52% 4IME SERIES OF ENSEMBLE SPREAD THICK DARK BLUE CURVE AND TEMPORAL SPREAD OF THE ENSE
LIGHT BLUE CURVE FOR SEALEVEL PRESSURE FROM #2V C AVERAGED OVER THE TONAL BAWBHRROM
OBSERVATIONS ASSIMILATED PER  HOUR WINDOW IN THIS REGION IS SHOWN INRED RIGHT HAND AXIS ! YEARF
WAS APPLIED TO ALL CURVES #ORBEIMATTONATED BETWEEN THE SMOOTHED ENSEMBLE SPREAD AND THE SMOO
LOGARITHM OF THE NUMBER OF ASSIMILATED OBSERVATIONS .OTABLE YEARS ARE EMPHASIZED WITH VERTICAL L
TEXT FOR DETAILS
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&)'52% -APS OF THE ADAPTIVE IN ATION PARAMEUDRRILESS USED INTHE #2V SYSTEMFOR 54#ON
3EPTIN A B C AND D I'VALUE OF CORRESPONDS TONO IN ATION .OTE THE RELATIONSH{P OF
WITH THE OBSERVATION NETWORK DENSITY
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&)'52% -APS OF NORMALIZED CON DENCE OF 3,0 AVERAGED OVER *&- FOR FROM A #2V CAND B

#2V ASWELLAS C THEDIFFERENCE #2V MINUS #2VC )N A B ZERO BLACK CONTOUR REPRESENTS CLIMAT
UNCERTAINTY BLUE REPRESENTS LESS CERTAINTY THAN CLIMATOLOGY AND RED REPRESENTS MORE CERTAINTY
INCREASE IN CON DENCE FROM #2V CTO #2V AND BLUE ADECREASE
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&)'52% 4IME SERIES OF ANNUALLY AVERAGED GLOBAL 3,0 FROM SEVERAL REANALYSES AS WELL AS ANON
ENSEMBLE OF MODEL RUNS
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&)'52% -APS OF ANALYZED SEA LEVEL PRESSURE ANOMALIES WITH RESPECT TO THE ANALYZED #2VC &
CLIMATOLOGY FOR & OF A #2V CAND B ANIDENTICAL EXPERIMENT WITH THE #2V C SYSTEM THAT ASSIMIL,
FEWER SHIP OBSERVATIONS
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44 &)'52% -APSOFTHE YEAR  ANNUALLY AVERAGED SEA LEVEL PRESSURE ANOMALY WITHRESPECT TO THE
45 CLIMATOLOGY OF A #2V C WITHOUT DRY AIR MASS SPECI CATION B PRELIMINARY VERSION TESTS WITHOUT
CORRECTION WITH DRY AIR MASS SPECI CATION AND C PRELIMINARY VERSION TESTS WITH SHIP BIAS CORRE(
MASS SPECI CATION
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&)'52% -APSOFTHE YEAR  ANNUALLY AVERAGED DIFFERENCESBEMWEEN HOUR FORECASTED
PRECIPITATION RATEAND HOUR FORECASTED PRECIPITATIONRATEIN A #2V C WHICHEBS&AS HE DIGITAL

#2V WHICHUSES THE)!5 INSTEAD OF THE DIGERAL)N A PERFECT SYSTEM THESE DIFFERENCES WOULD BE APPRO
ZERO
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&)'52% -APSOFTHE YEAR  ANNUALLY AVERAGED FORECASTED PRECIPITATIONNRAT EARNVD BY
#2V AND C THE '0#0 SATELLITE GAUGE BLERDE®
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&)'52% -APSOF THEYEAR ANNUAL AVERAGE OF METER MERIDIGNAISMINE ROW: MBND SURFACE
OROGRAPENDS BOTTOMROW M FROM #2V C LEFT AND #2V RIGHT 4HE MAND M CONTOURSHAVE BEEN
PLOTTEDINYELLOWIN C AND D WITHTHE MCONTOUR LABELED
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&)'52% ,OCALIZATION VALUES KM FORALL OBSERVATIONS ASSIMILATED IN #2V AT 54#0ON *UNEFORT
YEARS A B C AND D .OTE THAT COMPARABLE PLOTS FOR #2V C WOULD CONSIST ENTIRELY OF LIGF
3 ORANGE CIRCLES LOCALIZATION VALUEOF KM
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&)'52% 4IME SERIES OF ACTUAL SOLID AND EXPECTED DASRHDCARISSAL3 ERRORS FOR OBSERVATIONS
ASSIMILATEDIN #2V C BLUE AND #2V BLACK AVERAGED OVER A THE .ORTHERN (EMIBPHEREB THE
TROPICS 3TO . AND C THE 30OUTHERN (EMISPHERETO 3
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41 &)'52% INNUAL AVERAGE STATION PRESSURE BIASES HOA FOR  TOP ROW CENTERROW AND  BOT
42 ROW CALCULATED FROM #2V C LEFT AND #2V RIGHT
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&)'52% -APSOF THEYEAR  ANNUALLY AVERAGED SEA LEVEL PRESSURE DIFFERENCES HOA BETWEEN A
AND %2! INTERIM B #2V AND %2! INTERIM C #2VCAND*2! AND D #2V AND*2! -APSAREPLOTTED
ON APPROXIMATELY BY GRID
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35 &)'52% -APSOF THE YEAR  ANNUALLY AVERAGED HOA GEOPOTENTIAL HEIGHT DIFFERENCES M BETWI
36 #2V CAND %2! INTERIM B #2V AND %2! INTERIM C #2V CAND*2! AND D #2V AND*2! -APS
37 ARE PLOTTED ON APPROXIMATHY A GRID
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&)'52% 3EALEVEL PRESSURE ORANGE CONTOURS INTERVAL BYeLHE \ANDNMOREOMSOR THE

'ALVESTON HURRICANE UG 54# FROM A #2VC B #2V C %2! # AND D #%2! # ,OCATIONS

OF AVAILABLE OBSERVATIONS TAKEN BETWEEN UG 54# AND UG 54# ARE SHOWN BY CIRCLES
STATION AND MARINE OBSERVATIONS ARE BLUE )"4R!#3 DATA ARE RED SOLID CIRCLES DENOTE OBSERVATIONS TF
AND OPEN CIRCLES DENOTE OBSERVATIONS THAT WERE REJECTED
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34 &)'52% 4IME SERIES OF SEASONAL SEA LEVEL PRESSURE RRHEOMREVE BLUE %2! # GREEN
35 #%2! # GOLD %?2!)NTERIM ORANGE A NON ASSIMILATING MODEL RUN USING THE #2V CSYSTEM RED AND PRE
36 #2V DATAWITHOUT CON DENCE INTERVALS BLACK 3HADING REPRESENTS ONE ENSEMBLE STANDARD DEVIATION



