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

Figure:

(a) 20CRv2c, 16 Sept. 1875

Sea level pressure (hPa)
930 990970950

(b) 20CRv3, 16 Sept 1875

1010
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4OWARDS A MORE RELIABLE HISTORICAL REANALYSIS��

)MPROVEMENTS FOR VERSION � OF THE 4WENTIETH�

#ENTURY 2EANALYSIS SYSTEM�

,AURA #� 3LIVINSKI ET� AL�����

� 5� OF #/ #OOPERATIVE )NSTITUTE FOR
2ESEARCH IN %NVIRONMENTAL 3CIENCES�
"OULDER� #/� 53!

� ./!! %ARTH 3YSTEM 2ESEARCH ,ABORATORY�
"OULDER� #/� 53!

#ORRESPONDENCE
,AURA #� 3LIVINSKI� ./!!�%32, 0HYSICAL
3CIENCES $IVISION� ��� "ROADWAY� "OULDER�
#/� ������ 53!
%MAIL� LAURA�SLIVINSKI NOAA�GOV

&UNDING INFORMATION

(ISTORICAL REANALYSES THAT SPAN MORE THAN A CENTURY ARE
�

�
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NEEDED FOR A WIDE RANGE OF STUDIES� FROM UNDERSTANDING
�
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LARGE
SCALE CLIMATE TRENDS TO DIAGNOSING THE IMPACTS OF IN

�
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DIVIDUAL HISTORICAL EXTREME WEATHER EVENTS� 4HE 4WENTIETH

#ENTURY 2EANALYSIS ���#2	 0ROJECT IS AN EFFORT TO�LL THIS

NEED� )T IS SUPPORTED BY THE .ATIONAL /CEANIC AND !TMO


SPHERIC !DMINISTRATION �./!!	� THE #OOPERATIVE )NSTITUTE

FOR 2ESEARCH IN %NVIRONMENTAL 3CIENCES �#)2%3	� AND THE $E


PARTMENT OF %NERGY �$/%	� AND IS FACILITATED BY COLLABORATION

WITH THE INTERNATIONAL !TMOSPHERIC #IRCULATION 2ECONSTRUC


TIONS OVER THE %ARTH INITIATIVE� ��#2 IS THE�RST ENSEMBLE

OF SUB
DAILY GLOBAL ATMOSPHERIC CONDITIONS SPANNING OVER

��� YEARS� 4HIS PROVIDES A BEST ESTIMATE OF THE WEATHER AT

ANY GIVEN PLACE AND TIME AS WELL AS AN ESTIMATE OF ITS CON


�DENCE AND UNCERTAINTY� 7HILE EXTREMELY USEFUL� VERSION

�C OF THIS DATASET ���#2V�C	 HAS SEVERAL SIGNI�CANT ISSUES�

INCLUDING INACCURATE ESTIMATES OF CON�DENCE AND A GLOBAL

SEA LEVEL PRESSURE BIAS IN THE MID
��TH CENTURY� 4HESE AND

OTHER ISSUES CAN REDUCE THE EFFECTIVENESS OF STUDIES AT MANY

SPATIAL AND TEMPORAL SCALES� 4HEREFORE� THE ��#2 SYSTEM

UNDERWENT A SERIES OF DEVELOPMENTS TO GENERATE A SIGNI�


CANT NEW VERSION OF THE REANALYSIS� 4HE VERSION � SYSTEM

�./!!
#)2%3
$/% ��#2V�	 USES UPGRADED DATA ASSIMILA


TION METHODS INCLUDING AN ADAPTIVE IN�ATION ALGORITHM� HAS

A NEWER� HIGHER
RESOLUTION FORECAST MODEL THAT SPECI�ES DRY

AIR MASS� AND ASSIMILATES A LARGER SET OF PRESSURE OBSERVA


TIONS� 4HESE CHANGES HAVE IMPROVED THE ENSEMBLE
BASED

ESTIMATES OF CON�DENCE� REMOVED SPIN
UP EFFECTS IN THE PRE


CIPITATION�ELDS� AND DIMINISHED THE SEA LEVEL PRESSURE BIAS�

/THER IMPROVEMENTS INCLUDE MORE ACCURATE REPRESENTATIONS

OF STORM INTENSITY� SMALLER ERRORS� AND LARGE
SCALE REDUCTIONS

IN MODEL BIAS� 4HE ��#2V� SYSTEM IS COMPREHENSIVELY RE


VIEWED� FOCUSING ON THE ASPECTS THAT HAVE AMELIORATED IS


SUES IN ��#2V�C� $ESPITE THE MANY IMPROVEMENTS� SOME

CHALLENGES REMAIN� INCLUDING A SYSTEMATIC BIAS IN TROPICAL PRE


CIPITATION AND TIME
VARYING BIASES IN SOUTHERN HIGH LATITUDE

PRESSURE�ELDS�

+ % 9 7 / 2 $ 3

REANALYSIS� DATA ASSIMILATION� SURFACE PRESSURE
��
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� \ ).42/$5#4)/.��

)N ORDER TO STUDY HISTORICAL AND CONTEMPORARY WEATHER EVENTS INCLUDING EXTREMES WITHIN A BROADER CLIMATE CONTEXT� LONG��

TIME SERIES OF ACCURATE� RELIABLE� SUB
DAILY ATMOSPHERIC VARIABLES ARE ESSENTIAL� 2ETROSPECTIVE ANALYSES� OR äREANALYSESå���

TAKE ADVANTAGE OF THE BENE�TS OF PAST OBSERVATIONS AND MODERN WEATHER FORECAST MODELS BY COMBINING THE TWO IN A��

PROCESS CALLED äDATA ASSIMILATIONå �$!� $ALEY �����		� 4HE IDEA OF äREANALYSISå ARGUABLY BEGAN IN THE EARLY ��TH CENTURY��

WITH "RANDESå HAND
DRAWN SYNOPTIC WEATHER MAPS �-ONMONIER� ����	� AND HAS MATURED SIGNI�CANTLY IN THE CENTURIES��

SINCE� SEE #OMPO ET AL� �����	 AND #OMPO ET AL� �����	 FOR A DETAILED HISTORY� (ISTORICAL REANALYSES� WHICH SPAN A CENTURY��

OR LONGER� ACT AS A BRIDGE BETWEEN WEATHER AND CLIMATE SINCE THEY ARE INTENDED TO CAPTURE INDIVIDUAL WEATHER EVENTS��

AROUND THE GLOBE AS WELL AS LARGER CLIMATIC TRENDS OVER MANY DECADES WITHIN THE CONTEXT OF A SINGLE� CONSISTENT DATASET��

�3LIVINSKI� ����	���

)N CONTRAST TO HISTORICAL REANALYSES� äMODERNå REANALYSES GENERALLY ONLY EXTEND BACK TO THE ����S� AND MORE OFTEN��

ONLY TO ����� WHEN UPPER
AIR AND SATELLITE DATA ARE AVAILABLE FOR ASSIMILATION� 4HESE REANALYSES INCLUDE THE %UROPEAN��

#ENTRE FOR -EDIUM
2ANGE 7EATHER &ORECASTS �%#-7&	 INTERIM 2E
!NALYSIS %2!
)NTERIM �$EE ET AL�� ����	� THE .A
��

TIONAL !ERONAUTICS AND 3PACE !DMINISTRATION �.!3!	 -ODERN
%RA 2ETROSPECTIVE ANALYSIS FOR 2ESEARCH AND !PPLICATIONS��

VERSION � �-%22!
�	 �'ELARO ET AL�� ����	� THE ��
YEAR *APANESE 2E
!NALYSIS *2!
�� �+OBAYASHI ET AL�� ����	� AND THE��

REANALYSIS PRODUCED JOINTLY BY THE 53 .ATIONAL #ENTERS FOR %NVIRONMENTAL 0REDICTION �.#%0	 AND THE .ATIONAL #ENTER��

FOR !TMOSPHERIC 2ESEARCH �.#!2	� THE .#%0
.#!2 2EANALYSIS �+ALNAY ET AL�� ����� +ISTLER ET AL�� ����	� AMONG OTHERS��

�SEE &UJIWARA ET AL� �����	 FOR A REVIEW OF REANALYSIS SYSTEMS	� !T PRESENT� LONG
TERM STUDIES USING MODERN REANALYSES��

ARE RESTRICTED TO SPAN AS FEW AS ��
�� YEARS� PREVENTING IN
DEPTH INVESTIGATION OF INFREQUENT EXTREME WEATHER AND��

CLIMATE EVENTS� !NOTHER DIF�CULTY IS THAT SIGNI�CANT CHANGES TO THE OBSERVING SYSTEM� SUCH AS THE INTRODUCTION OF SATELLITE��

DATA� CAN YIELD NON
CLIMATIC DISCONTINUITIES IN SOME REANALYSIS�ELDS� INCLUDING AN APPARENT SHIFT IN TROPICAL DIVERGENT��

CIRCULATION �+INTER ))) ET AL�� ����	 AND TRENDS IN TEMPERATURE� INTEGRATED WATER VAPOR� KINETIC ENERGY� AND PRECIPITATION��

�"ENGTSSON ET AL�� ����� "OSILOVICH ET AL�� ����� :HANG ET AL�� ����	� )N ORDER TO AVOID SUCH ARTIFACTS� HISTORICAL REANALYSES��

THAT SPAN AT LEAST A CENTURY ASSIMILATE ONLY NEAR
SURFACE CONVENTIONAL OBSERVATIONS� WHICH HAVE BEEN AVAILABLE FOR THE��

ENTIRE TIME PERIOD� SPECI�CALLY� SURFACE PRESSURE AND MARINE WINDS���

4HE ./!!
#)2%3 4WENTIETH #ENTURY 2EANALYSIS ���#2	 MARKED THE INTRODUCTION OF RECENT EFFORTS TO GENERATE��

HISTORICAL REANALYSES� AS IT WAS THE�RST REANALYSIS TO ASSIMILATE ONLY SURFACE PRESSURE OBSERVATIONS �#OMPO ET AL�� ����	���

3INCE THEN� THE RANGE OF STUDIES TO USE THESE TYPES OF DATA HAS GROWN� AND OTHER CENTENNIAL REANALYSES WERE DEVELOPED��

THAT ASSIMILATED THESE DATA� %#-7& PRODUCED %2!
��# �0OLI ET AL�� ����	� AN ATMOSPHERIC REANALYSIS SPANNING ���� TO��

���� THAT ASSIMILATED SURFACE PRESSURE AS WELL AS MARINE WINDS� AND #%2!
��# �,ALOYAUX ET AL�� ����	� WHICH UTILIZES A��

COUPLED OCEAN
ATMOSPHERE MODEL AND SPANS ���� TO ����� )N ADDITION� ./!! AND #)2%3 PRODUCED AN UPDATE TO THE��

��#2 VERSION � DESCRIBED BY #OMPO ET AL� �����	 THAT SPANNED ���� TO ����� THIS UPDATE� ��#2 VERSION �C ���#2V�C���

SEE 'IESE ET AL� �����	 AND DETAILED BELOW	� EXTENDED BACK TO ���� AND AMELIORATES SEVERAL ISSUES WITH ��#2V�� &INALLY���

THE LATEST ��#2 VERSION � ���#2V�	 IS CURRENTLY BEING PRODUCED BY ./!!� #)2%3� AND $/%� )T IS EXPECTED TO EXTEND��

BACK TO ���� AND TO BE RELEASED IN �������

(ISTORICAL REANALYSES HAVE BROAD AREAS OF APPLICATION BECAUSE THEY SPAN TIMESCALES OF WEATHER TO CLIMATE BY��

PROVIDING SUB
DAILY ESTIMATES OF THE %ARTH SYSTEM WITH GLOBAL COVERAGE FOR A CENTURY OR LONGER� 4HESE DATASETS HAVE BEEN��

UTILIZED IN STUDIES INCLUDING� CLIMATE CHANGE �E�G� #OMPO ET AL� �����	� (UANG ET AL� �����		� CLIMATE DYNAMICS �E�G� (UANG��

ET AL� �����		� TRENDS IN HURRICANES �E�G� "URN AND 0ALMER �����		� EXTRA
TROPICAL CYCLONES �E�G� 7ANG ET AL� ������ ����		���

AND EXTREMES IN TEMPERATURE AND PRECIPITATION �E�G� $ONAT ET AL� �����		� BLOCKING �E�G� (£KKINEN ET AL� �����	� 2OHRER��

ET AL� �����		� INDIVIDUAL CASE STUDIES OF PARTICULAR STORMS �E�G� -OORE AND "ABIJ �����		� HISTORIC CLIMATOLOGY IN REMOTE��

REGIONS �E�G� ,ORREY AND #HAPPELL �����		� %L .I°O �E�G� 'IESE ET AL� �����	� $ESER ET AL� �����		� THE -ADDEN
*ULIAN��
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/SCILLATION �E�G� +LOTZBACH ET AL� �����		� CONVERGENCE ZONE ACTIVITY �E�G� ,ORREY ET AL� �����	� (ARVEY ET AL� �����		����

SEASONAL AND CLIMATIC RESPONSES TO VOLCANIC ERUPTIONS �E�G� "ROHAN ET AL� �����	� 0AIK AND -IN �����		� WEATHER TYPING���

�E�G� *ONES ET AL� ������ ����		� AND THE EMERGING�ELD OF DECADAL CLIMATE PREDICTION �E�G� -UELLER ET AL� �����		� AMONG���

MANY OTHERS����

! KEY ASPECT FOR INFORMED APPLICATION OF REANALYSES IS PROPERLY ACCOUNTING FOR THEIR UNCERTAINTY �E�G� 0ARKER �����		����

#OMPARING DIFFERENT REANALYSES THAT SPAN SIMILAR TIME PERIODS IS ONE WAY TO CROSS
VALIDATE THE DATASETS AND DETERMINE A���

äMETA
CON�DENCEå BY AGREEMENT OR DISAGREEMENT AMONG THE DATASETS� )T IS ALSO IMPORTANT THAT EACH HISTORICAL REANALYSIS���

DATASET IS AS ACCURATE AS POSSIBLE� BOTH IN TERMS OF PAST CLIMATE STATE ESTIMATES AS WELL AS INTERNAL QUANTI�CATION OF���

ITS UNCERTAINTY �AS MEASURED BY ENSEMBLE STANDARD DEVIATION OR äSPREADå� FOR INSTANCE	� 4HIS INTERNAL QUANTI�CATION OF���

UNCERTAINTY IS USED BY THE DATA ASSIMILATION SYSTEM DURING THE PRODUCTION OF THE REANALYSIS TO MAKE THE BEST USE OF THE���

OBSERVATIONS AND PRIOR BACKGROUND INFORMATION� BUT IS ALSO IMPORTANT TO THE END
USERS OF THE REANALYSIS� !S AN EXAMPLE����

A HISTORICAL REANALYSIS MAY DISPLAY A LONG
TERM TREND IN ONE VARIABLE THAT� ACCORDING TO THE QUANTI�ED UNCERTAINTY OF���

THE DATASET� IS SIGNI�CANT� (OWEVER� RESEARCHERS MAY BE UNAWARE THAT THE TREND IS AN ARTI�CIAL ONE DUE TO A BIAS IN THE���

OBSERVATIONS� AND APPEARS TO BE SIGNI�CANT SOLELY DUE TO ERRORS IN THE UNCERTAINTY ESTIMATE� #ONTINUING TO WORK TOWARDS���

MORE RELIABLE HISTORICAL REANALYSES ALLOWS STUDIES ON ALL TIMESCALES� SUCH AS THOSE LISTED ABOVE� TO AVOID ERRONEOUS���

CONCLUSIONS AND MAKE USE OF THE BEST DATA POSSIBLE����

)N THIS VEIN� DESPITE SEVERAL MAJOR IMPROVEMENTS FROM ��#2V� TO ��#2V�C� CERTAIN ISSUES REMAIN� 7HILE SOME ARE���

OBVIOUS� SUCH AS ARTI�CIAL LARGE
SCALE TRENDS AND A LACK OF CERTAIN MAJOR STORM SYSTEMS� OTHERS ARE MORE SUBTLE� SUCH AS���

SUBOPTIMAL USAGE OF OBSERVATIONS AND INACCURATE ESTIMATES OF CON�DENCE� 4HESE PROBLEMS CAN HINDER THE EFFECTIVENESS���

OF ��#2V�C FOR CLIMATE ANALYSIS APPLICATIONS� )NVESTIGATIONS INTO MANY OF THESE ISSUES OCCURRED PRIOR OR IN PARALLEL TO���

DEVELOPMENT OF VERSION �� INFORMING THE IMPLEMENTATION OF PARTICULAR ALGORITHMS THAT ARE EXPECTED TO IMPROVE THE���

EF�CACY OF THE REANALYSIS� )N OTHER CASES� VERSION � WILL LIKELY BENE�T FROM GENERAL IMPROVEMENTS AND UPGRADES TO THE���

SYSTEM� AS WELL AS A LARGER OBSERVATIONAL DATABASE� 4HIS WORK DISCUSSES HOW THE SIGNI�CANT ISSUES IN VERSION �C ARE���

ADDRESSED� AS WELL AS OTHER UPGRADES TO THE VERSION � SYSTEM� 0RELIMINARY RESULTS WITH THE ��#2V� DATASET SHOWN HERE���

WILL FOCUS ON SEVERAL TEST PERIODS BETWEEN ���� AND ����� AND ARE INTENDED TO BE REPRESENTATIVE OF DIFFERENT TIME���

PERIODS �IN TERMS OF QUALITY� CON�DENCE� OBSERVATIONAL NETWORK DENSITY� BIASES� ETC�	 2ESULTS FROM THE COMPLETE ��#2V����

DATASET AND DEEPER INVESTIGATIONS OF IT ON CLIMATIC AND SYNOPTIC SCALES ARE LEFT FOR FUTURE WORKS� 5NLESS OTHERWISE NOTED����

ALL MAPS SHOWN BELOW ARE PLOTTED AT THE NATIVE RESOLUTION OF THE DATASET� &INALLY� WE EMPHASIZE THAT MANY UPDATES TO���

THE ��#2V� SYSTEM WERE MADE SIMULTANEOUSLY� SO A SINGLE IMPROVEMENT IN THIS PRELIMINARY ��#2V� DATA CAN RARELY BE���

ATTRIBUTED TO A SPECI�C CHANGE IN THE SYSTEM����

4HE 4WENTIETH #ENTURY 2EANALYSIS SYSTEM IS DESCRIBED IN DETAIL IN 3ECTION �� !SPECTS OF THE SYSTEM THAT CHANGED���

FROM ��#2V�C TO ��#2V� ARE HIGHLIGHTED� AS WELL AS FEATURES OF THE VERSION OF THE .#%0 'LOBAL &ORECAST 3YSTEM �'&3	���

COUPLED ATMOSPHERE
LAND MODEL USED� 3ECTION � DISCUSSES SEVERAL LARGE
SCALE ISSUES IN THE CON�DENCE DERIVED FROM���

ENSEMBLE SPREAD AND IN THE BIASES OF SEA LEVEL PRESSURE �3,0	� PRECIPITATION� AND WIND IN ��#2V�C� 0RELIMINARY RESULTS���

SUGGEST THAT UPDATES TO THE FORECAST MODEL AND DATA ASSIMILATION ALGORITHM WILL IMPROVE THE CON�DENCE ESTIMATION���

AND REDUCE MOST OF THESE BIASES IN ��#2V�� )N ADDITION TO ADDRESSING KNOWN ISSUES� OTHER DEVELOPMENTS IN THE���

VERSION � SYSTEM ARE EXPECTED TO RESULT IN FURTHER IMPROVEMENTS� !S SHOWN IN 3ECTION �� UPDATES TO THE LOCALIZATION���

PROCEDURE� QUALITY CONTROL� AND OBSERVATION ERRORS WILL LIKELY IMPROVE THE USE OF OBSERVATIONS AND RESULT IN MORE ACCURATE���

REPRESENTATIONS OF VARIABILITY AND EXTREMES� SUCH AS TROPICAL CYCLONES� $ESPITE SIGNI�CANT IMPROVEMENTS ACROSS THE���

BOARD� SEVERAL ISSUES REMAIN IN THE ��#2V� SYSTEM� 4HESE ARE DISCUSSED IN 3ECTION �� 3ECTION � CONCLUDES WITH A���

DISCUSSION AND�NAL REMARKS����
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)N SEVERAL BASIC WAYS� EACH ITERATION OF THE 4WENTIETH #ENTURY 2EANALYSIS SYSTEM REMAINS THE SAME AS THAT PROPOSED���

ORIGINALLY BY #OMPO ET AL� �����	� &IRST� MODERN WEATHER FORECAST MODELS ARE USED TO GENERATE THE ATMOSPHERIC���

BACKGROUND�ELDS GIVEN PRESCRIBED SEA SURFACE TEMPERATURE �334	 AND SEA ICE CONCENTRATION�ELDS� 3ECOND� AN ENSEMBLE���

METHOD ASSIMILATES HISTORICAL OBSERVATIONS TO UPDATE THE BACKGROUND�ELDS� YIELDING ANALYSIS�ELDS� %NSEMBLE METHODS���

ARE PARTICULARLY USEFUL AS THEY ALLOW FOR ESTIMATES OF UNCERTAINTY AND CON�DENCE VIA ENSEMBLE SPREAD �E�G�� ENSEMBLE���

STANDARD DEVIATION	 AS WELL AS AN ESTIMATE OF THE ATMOSPHERIC STATE VIA THE ENSEMBLE MEAN� &INALLY� SURFACE PRESSURE���

VALUES ARE THE ONLY TYPE OF OBSERVATIONS THAT ARE EVER ASSIMILATED� 3EA ICE AND 334 OBSERVATIONS ARE IMPLICITLY INCLUDED IN���

THE REANALYSIS IN THE FORM OF BOUNDARY CONDITIONS AND CAN GUIDE THE MODEL TO REPRESENT LARGE
SCALE CLIMATE FEATURES� BUT���

THEY ARE NOT ASSIMILATED� 7HILE THE TEMPORAL FREQUENCY� SPATIAL DENSITY� AND QUALITY OF THE SURFACE PRESSURE OBSERVATIONS���

HAVE CHANGED OVER TIME AS A RESULT OF DEVELOPMENTS IN INSTRUMENTATION AND THEORY �-IDDLETON� ����	� THE ��#2 SYSTEM���

ASSUMES THAT THE MOST IMPORTANT PART OF THE OBSERVATION ERROR IS ITS SO
CALLED äERROR OF REPRESENTATIVENESSå �,ORENC����

����� *ANJIÂ AND #OHN� ����	� /BSERVATION ERRORS ARE THEREFORE ASSUMED TO BE CONSTANT IN TIME� SEE 3ECTION ��� FOR���

MORE DISCUSSION� &EEDBACK FROM REANALYSIS DATASETS THAT ASSIMILATE THESE OBSERVATIONS CAN BE USED TO IMPROVE THIS���

ESTIMATE IN THE FUTURE �E�G�� 0OLI ET AL� �����	� ,ALOYAUX ET AL� �����		����

&OR PURPOSES OF COMPARISON� THE ��#2V�C SYSTEM OUTLINED BY 'IESE ET AL� �����	 IS DETAILED IN !PPENDIX !� AND���

THE ��#2V� SYSTEM IS DETAILED HERE� 4O ADDRESS SIGNI�CANT ISSUES IN THE ��#2V�C DATASET� AND AS A RESULT OF GENERAL���

PROGRESS IN THE�ELDS OF MODELING AND DATA ASSIMILATION� SEVERAL ASPECTS OF THE ��#2 SYSTEM WERE UPDATED BEFORE���

PRODUCING ��#2V�� "ROADLY� ��#2V� WILL BENE�T FROM AN IMPROVED� HIGHER
RESOLUTION MODEL� A LARGER OBSERVATIONAL���

DATABASE� UPDATED DATA ASSIMILATION METHODS� AND A LARGER ENSEMBLE SIZE� 4HE ATMOSPHERIC MODEL USED IN ��#2V����

HAS BEEN UPDATED TO THE ���� VERSION OF THE .#%0 '&3 WITH A RESOLUTION OF TOTAL SPHERICAL WAVENUMBER ��� �ABOUT���

��� DEG� HORIZONTAL RESOLUTION	 AND �� VERTICAL HYBRID SIGMA
PRESSURE LEVELS� DIFFERENCES BETWEEN THE VERSION OF THE���

'&3 OPERATIONAL IN FALL ���� AND THE VERSION USED FOR ��#2V� ARE DETAILED IN !PPENDIX !� !DDITIONALLY� THE VERSION �C���

SYSTEM ALLOWED THE ASSIMILATION TO UPDATE THE DRY AIR PRESSURE� RESULTING IN A FEEDBACK LOOP WITH BIASED OBSERVATIONS���

THAT CAUSED SIGNI�CANT ARTI�CIAL TRENDS IN THE MID
��TH CENTURY� SEE 3ECTION �� )N VERSION �� THE DRY AIR PRESSURE WAS HELD���

�XED IN THE FORECAST AND ANALYSIS STEPS����

4HE ��#2V�C DATASET BEGAN IN ���� DUE TO THE AVAILABILITY OF ITS PRESCRIBED SEA ICE�ELDS� 4HE ADDITION OF MORE ��TH���

CENTURY OBSERVATIONS AVAILABLE TO THE ��#2V� ASSIMILATION SYSTEM� AS WELL AS EARLY INVESTIGATIONS OF CON�DENCE AND���

FORECAST ERRORS �NOT SHOWN	� SUGGESTED THAT ��#2V� COULD SPAN FURTHER BACK IN TIME THAN ��#2V�C� GIVEN APPROPRIATE���

BOUNDARY CONDITIONS� ���� IS THE�RST YEAR THAT EVERY �
HOUR WINDOW HAS AT LEAST ONE OBSERVATION �GLOBALLY	 TO BE���

ASSIMILATED� $UE TO COMPUTATIONAL AND STORAGE RESOURCE LIMITATIONS� ���� WAS THE EARLIEST YEAR THAT ��#2V� COULD BE���

PRODUCED� %XPERIMENTS FOR THE YEARS ����
���� ARE ONGOING����

4HE ��#2V� DATASET IS EXPECTED TO CONSIST OF TWO OVERLAPPING SUB
VERSIONS� ��#2V�SI �����â����	 AND ��#2V�MO���

�����â����	� WHERE THE ONLY DIFFERENCE BETWEEN THE TWO SUB
VERSIONS IS THE PRESCRIBED 334S� ��#2V�MO PRESCRIBES���

334S FROM (AD)334��� �2AYNER ET AL�� ����� 0OLI ET AL�� ����� ,ALOYAUX ET AL�� ����	� WHICH CONSISTS OF AN ENSEMBLE OF���

�
DAY AVERAGE 334�ELDS INTERPOLATED TO DAILY RESOLUTION� 4HIS INTERPOLATION IS CUBIC� WITH THE COEF�CIENTS ADAPTED TO THE���

AUTOCORRELATION OF THE DATA �+WON ET AL�� ����	� /F THE �� MEMBERS AVAILABLE� TWO OF THE ENSEMBLE MEMBERS HAD QUITE���

DIFFERENT BIAS ADJUSTMENTS FROM THE OTHERS� THUS� ��#2V�MO ONLY USES THE REMAINING � MEMBERS AS BOUNDARY CONDITIONS����

��#2V�SI PRESCRIBES 334S FROM THE PENTAD� LINEARLY INTERPOLATED TO DAILY� �
MEMBER 3IMPLE /CEAN $ATA !SSIMILATION���

WITH SPARSE INPUT VERSION � �3/$!SI��	 ENSEMBLE THAT ITSELF USED ��#2V�C�ELDS AS ATMOSPHERIC BOUNDARY CONDITIONS���

AND FORCING �'IESE ET AL�� ����	� 4HE 3/$!SI�� 334S USED FOR ��#2V�SI WERE SEASONALLY ADJUSTED TO THE ����â�������

(AD)334��� DAILY CLIMATOLOGY� &OR BOTH VERSIONS� EACH OF THE � DISTINCT 334 ENSEMBLE MEMBERS WAS DUPLICATED �� TIMES���
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TO CREATE A TOTAL OF �� MEMBERS� 4HUS� THE�RST� �TH� ��TH� ��TH� ���� AND ��RD MEMBERS OF THE ��#2V� ENSEMBLE HAVE THE���

SAME 334 FORCING� AND THE SECOND� ��TH� ��TH� ��TH� ���� AND ��TH MEMBERS HAVE THE SAME 334 FORCING AS EACH OTHER �BUT���

DIFFERENT FROM THE�RST SET	� AND SO ON� 3EA ICE CONCENTRATIONS WERE SPECI�ED FROM (AD)334���� WHICH IS IDENTICAL TO���

(AD)334��� �4ITCHNER AND 2AYNER� ����	 FROM ���� ONWARDS� &ROM ���� TO ����� (AD)334��� SPECI�ES !RCTIC SEA ICE���

EXTENT FROM THE 3EA )CE "ACK 4O ���� DATASET �3)"4����� 7ALSH ET AL� ������ UPDATED ����		� 0RIOR TO ����� SEA ICE���

EXTENT AND CONCENTRATION ARE SPECI�ED AS THE ����â���� (AD)334��� CLIMATOLOGY����

4HANKS TO INTERNATIONAL EFFORTS FACILITATED BY THE !TMOSPHERIC #IRCULATION 2ECONSTRUCTIONS OVER THE %ARTH �!#2%	���

INITIATIVE �!LLAN ET AL�� ����	 AND MANY VOLUNTEER EFFORTS� THERE ARE MILLIONS MORE OBSERVATIONS ASSIMILATED IN ��#2V����

THAN IN ��#2V�C� 4HIS REPRESENTS AN AVERAGE OF �� MORE AVAILABLE OBSERVATIONS PER ASSIMILATION CYCLE IN RECENT PERIODS���

�AFTER ABOUT ����	� AND UP TO ��� MORE AVAILABLE OBSERVATIONS PER CYCLE IN EARLIER YEARS� 4HE NEW OBSERVATIONAL DATASET����

THE )NTERNATIONAL 3URFACE 0RESSURE $ATABANK �)30$	 VERSION ��� �#RAM ET AL�� ����� #OMPO ET AL�� ����	� BLENDS SURFACE���

AND SEA LEVEL PRESSURE OBSERVATIONS FROM THE )NTERNATIONAL 3URFACE $ATABASE �)3$� �,OTT ET AL�� ����� 3MITH ET AL�� ����		���

WITH ADDITIONAL STATION OBSERVATIONS� ARCHIVED AND PREVIOUSLY UNDIGITIZED TERRESTRIAL DATA SUBMITTED TO THE )30$ FROM���

INTERNATIONAL !#2% PARTNERS� PRESSURE REPORTS FOR TROPICAL CYCLONES FROM VERSION 6��R�� OF THE )NTERNATIONAL "EST���

4RACK !RCHIVE FOR #LIMATE 3TEWARDSHIP �)"4R!#3� +NAPP ET AL� �����	� +RUK ET AL� �����	 COMBINED WITH ADDITIONAL���

0ACI�C TROPICAL CYCLONE DATA �+UBOTA� ����	� AND MARINE OBSERVATIONS FROM THE )NTERNATIONAL #OMPREHENSIVE /CEAN
���

!TMOSPHERE $ATA 3ET �7ORLEY ET AL�� ����� 7OODRUFF ET AL�� ����� &REEMAN ET AL�� ����	 )#/!$3�� VERSION �� 4HE LATTER���

IS OUR OWN IMPROVEMENT TO )#/!$3� THAT INCLUDES RECENTLY
DIGITIZED AND BETTER POSITIONED AND QUALITY
CONTROLLED���

OBSERVATIONS FROM !#2%
RECOVERED EXPEDITIONS� /LD7EATHER�ORG� AND THE !USTRALIAN 7EATHER $ETECTIVE PROJECT �SEE���

�3PENCER ET AL�� ����	� HTTPS���GITHUB�COM�OLDWEATHER�)#/!$3��PLUS�RELEASES AND !PPENDICES !
"	����

5NLIKE ��#2V�C� WHICH USED A ��
MEMBER ENSEMBLE +ALMAN�LTER WITH A DIGITAL�LTER APPLIED TO THE BACKGROUND���

FORECAST� ��#2V� ASSIMILATES OBSERVATIONS WITH AN ��
MEMBER ENSEMBLE +ALMAN�LTER THAT UTILIZES A �
DIMENSIONAL���

INCREMENTAL ANALYSIS UPDATE �"LOOM ET AL�� ����� ,EI AND 7HITAKER� ����	 AND NO DIGITAL�LTERING� SEE 3ECTION � AND���

!PPENDIX !� !DDITIONALLY� ��#2V�C INTERPOLATED STATION PRESSURE OBSERVATIONS TO THE MODEL SURFACE PRIOR TO ASSIMILATION����

WHILE ��#2V� USES THE MORE TYPICAL PROCEDURE AND ASSIMILATES THEM AT THE OBSERVATION LEVEL� ABSORBING THE VERTICAL���

INTERPOLATION OF THE BACKGROUND FORECAST INTO THE OBSERVATION OPERATOR �( 	� !S WILL BE DISCUSSED IN 3ECTION �� ��#2V����

INCLUDES A NONLINEAR QUALITY CONTROL ALGORITHM FOR THE OBSERVATIONS� AN ADAPTIVE LOCALIZATION ALGORITHM� AN IN�ATION���

METHOD BASED ON RELAXATION
TO
PRIOR
SPREAD� AND AN OF�INE BIAS CORRECTION FOR MARINE OBSERVATIONS PRIOR TO �������

�SEE !PPENDICES "
$ FOR MORE DETAILS	� ��#2V� ALSO INCLUDES AN UPDATED BIAS CORRECTION FOR STATION DATA OVER LAND����

THESE BIASES ARE äLEARNEDå OVER A ��
DAY TIME PERIOD� 4HAT IS� THEY ARE CALCULATED AS THE AVERAGE DIFFERENCE BETWEEN THE���

OBSERVATION AND THE�RST GUESS OVER THE ��
DAY WINDOW �WITH A MINIMUM OF �� DAYSå WORTH OF DATA IN THE WINDOW	 PRIOR���

TO THE CURRENT ASSIMILATION STEP� IF SIGNI�CANT� THESE DIFFERENCES ARE SUBSEQUENTLY REMOVED FROM THE OBSERVATION AT THE���

STEP PRIOR TO ASSIMILATION �SEE #OMPO ET AL� �����	� THEIR !PPENDIX "� FOR MORE DETAILS	� &INALLY� THE BASELINE OBSERVATION���

ERRORS USED IN ��#2V� ARE GIVEN IN 4ABLE �� #OLUMN � �äSTATIONå	 REFERS TO OBSERVATIONS OF SURFACE PRESSURE� WHILE COLUMN���

� �ä3,0 ONLYå	 REFERS TO STATIONS THAT ONLY REPORTED PRESSURE REDUCED TO SEA LEVEL� /BSERVATION ERRORS ARE INCREASED BY���

����� H0A PER METER DIFFERENCE BETWEEN THE OBSERVATION ELEVATION AND THE MODEL OROGRAPHY� 4HESE ARE THE SAME ERRORS���

USED IN ��#2V�C� WITH THE EXCEPTION OF TROPICAL CYCLONE DATA �SEE 4ABLE !��	����

� \ !$$2%33).' )335%3 ). ��#26�#���

4HE ��#2V� DATASET WILL BUILD ON TWO PREVIOUS EFFORTS� ��#2V� AND ��#2V�C� 4HE ��#2V� DATASET REPRESENTED AN���

IMPORTANT STEP FORWARD FOR WEATHER AND CLIMATE RESEARCH BECAUSE IT�LLED A NEED FOR A CONSISTENT� LONG
TERM� SUB
DAILY���
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GRIDDED ATMOSPHERIC DATASET USING INSTRUMENTAL OBSERVATIONS� !S OF THE TIME OF WRITING� THE PAPER DESCRIBING THE���

��#2V� DATASET �#OMPO ET AL�� ����	 HAS MORE THAN ���� CITATIONS �'OOGLE 3CHOLAR� ACCESSED � &EB ����	� 7HILE USEFUL����

THE ��#2V� DATASET HAS SEVERAL ISSUES� INCLUDING A MISSPECI�CATION OF POLAR SEA ICE THAT RESULTED IN WARM NEAR
SURFACE���

TEMPERATURE BIASES �"RµNNIMANN ET AL�� ����	 AND INHOMOGENEITIES ASSOCIATED WITH VARIATIONS IN OBSERVATION DENSITY���

AND ITS COVARIANCE IN�ATION ALGORITHM PRIOR TO ���� �&ERGUSON AND 6ILLARINI� ����	����

4HE ��#2V�C DATASET WAS AN EFFORT TO ADDRESS THOSE ISSUES� USE A NOVEL 334 SPECI�CATION� AND INCLUDE ADDITIONAL���

OBSERVATIONS COMPARED TO ��#2V�� (OWEVER� AS MORE STUDIES DELVED INTO DIFFERENT ASPECTS OF ��#2V�C� LIMITATIONS���

OF IT BECAME APPARENT� 3IMULTANEOUSLY� THE MANY STUDIES USING ��#2V�C MOTIVATED FURTHER DATA RESCUE EFFORTS� AND���

THE AMOUNT OF PRESSURE OBSERVATIONS AVAILABLE TO BE ASSIMILATED GREW SIGNI�CANTLY� PARTICULARLY IN EARLY YEARS� &IGURE ����

ILLUSTRATES THE GLOBAL ANNUAL AVERAGE NUMBER OF OBSERVATIONS AVAILABLE TO BE ASSIMILATED IN A �
HOUR WINDOW OF ��#2V�C���

�SOLID BLACK	 AND ��#2V� �DASHED GRAY	� (ERE� äAVAILABLEå REFERS TO OBSERVATIONS THAT WERE RESCUED� DIGITIZED� EXTERNALLY���

QUALITY CONTROLLED� AND BLENDED INTO THE VERSION OF THE )30$ USED IN THE GIVEN REANALYSIS� IT INCLUDES OBSERVATIONS THAT���

MAY BE�AGGED OR THINNED BY THE INTERNAL ��#2 QUALITY CONTROL SYSTEM �SEE 3ECTION � AND !PPENDIX # FOR DETAILS�	���

! NEW VERSION OF THE ��#2 SYSTEM COULD MAKE USE OF THIS GROWING SET OF OBSERVATIONS� AS WELL AS GENERAL PROGRESS IN���

MODELING AND DATA ASSIMILATION METHODS� AND WOULD PROVIDE A SIGNI�CANTLY IMPROVED DATASET� -AJOR ISSUES IN ��#2V�C����

INCLUDING INACCURATE REPRESENTATIONS OF UNCERTAINTY AS WELL AS LARGE
SCALE BIASES AND ARTIFACTS IN SEA LEVEL PRESSURE����

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 REANALYSES� WE MUST BE ABLE���

TO QUANTITATIVELY MEASURE CON�DENCE IN THE DATASETS� ! DE�NING CHARACTERISTIC OF ��#2 IS ITS USE OF AN ENSEMBLE DATA���

ASSIMILATION METHOD� WHICH YIELDS BOTH A SINGLE BEST ESTIMATE OF THE ANALYSIS �THE MEAN	 AS WELL AS A QUANTI�CATION OF���

THE UNCERTAINTY AROUND THAT ESTIMATE VIA THE ENSEMBLE SPREAD �THE STANDARD DEVIATION	� -ORE SPREAD IMPLIES MORE���

UNCERTAINTY� AND LESS SPREAD IMPLIES LESS UNCERTAINTY� )N GENERAL� THE UNCERTAINTY IN THE ENSEMBLE MEAN AS AN ESTIMATE���

WILL CORRELATE NEGATIVELY WITH THE DENSITY OF THE AVAILABLE OBSERVATIONAL NETWORK� )N ADDITION� THE VARIABILITY OF THE���

ENSEMBLE MEAN IN TIME� OR TEMPORAL SPREAD �%QUATION �	� CAN BE USED AS AN ESTIMATE OF CLIMATOLOGICAL UNCERTAINTY� !T���

TIMEtk � THE TEMPORAL SPREAD OF THE ENSEMBLE MEAN OVER A WINDOW OF LENGTH� T IS GIVEN BY����

TEMP� SPREAD¹tk º =

2
6
6
6
6
4

‚
Nt i me � ‚

tk ý� T •ƒÕ

t =t k �� T •ƒ

�
xensmean¹t º � xensmean

�ƒ
3
7
7
7
7
5

‚•ƒ

; ��	

WHERENt i me IS THE NUMBER OF TIME STEPS IN THE WINDOW»tk � � T •ƒ; tk ý� T •ƒ¼� xensmean¹t º IS THE AREA
AVERAGED ENSEMBLE���

MEAN OF THE VARIABLE OF INTEREST �FOR EXAMPLE� 3,0	 AT TIMEt � ANDxensmeanIS THE TIME
AVERAGE OF THE ENSEMBLE MEAN���

xensmean¹t º OVER THE TIME WINDOW����

!S AN EXAMPLE� &IGURE � INCLUDES TIME SERIES OF UNCERTAINTY IN SEA LEVEL PRESSURE OVER THE ZONAL BAND FROM ��� 3 TO���

�� � 3 CALCULATED FROM ��#2V�C� 4HIS REGION IS PARTICULARLY IMPORTANT FOR INVESTIGATIONS OF ANTHROPOGENIC #/� UPTAKE����

AND LONG TIME SERIES ARE NEEDED FOR STUDIES OF ITS DECADAL VARIABILITY �AS DISCUSSED IN� EG� ,ANDSCH»TZER ET AL� �����		����

4HE ANALYZED SEA LEVEL PRESSURE ENSEMBLE SPREAD IS PLOTTED �THICK DARK BLUE CURVE	 ALONG WITH THE TEMPORAL SPREAD���

OF THE ANALYZED SEA LEVEL PRESSURE ENSEMBLE MEAN �THIN LIGHT BLUE CURVE	 AND THE NUMBER OF OBSERVATIONS ASSIMILATED���

PER �
HOUR WINDOW �THIN RED CURVE� RIGHT HAND AXIS	 IN THIS REGION� 4HE TEMPORAL SPREAD IS CALCULATED AS THE STANDARD���

DEVIATION OF THE ENSEMBLE MEAN ACROSS A CENTERED TIME WINDOW USING %QN� � WITH� T = ‡‚ DAYS� AND ALL TIME SERIES HAVE���

A �
YEAR RUNNING AVERAGE APPLIED� 4HIS REGION HAS RELATIVELY FEW OBSERVATIONS AVAILABLE �COMPARE WITH &IG� �	� AND THE���
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EFFECTS OF 7ORLD 7AR ) �����â����	 AND 7ORLD 7AR )) �����â����	 ARE PARTICULARLY STRIKING �SEE SHADED GRAY REGIONS	����

AS IS THE &IRST '!20 �'LOBAL !TMOSPHERIC 2ESEARCH 0ROGRAM	 'LOBAL %XPERIMENT IN ���� �DASHED LINE	� 4HE CORRELATIONr���

BETWEEN THE ENSEMBLE SPREAD AND THE LOG OF THE NUMBER OF OBSERVATIONS ASSIMILATED PER WINDOW IS 
����� DEMONSTRATING���

THE STRONG INVERSE RELATIONSHIP BETWEEN THE ENSEMBLE SPREAD AND THE OBSERVATIONAL NETWORK DENSITY����

(OWEVER� ENSEMBLE SPREAD IS ONLY AN ESTIMATE OF UNCERTAINTY� AND IT IS NOT ALWAYS RELIABLE� &OR INSTANCE� A WELL
KNOWN���

ISSUE WITH THE %N+& IS THE TENDENCY FOR ENSEMBLES TO äOVER
TIGHTENå TOWARDS THE MEAN� RESULTING IN AN ENSEMBLE SPREAD���

THAT IS OVERCON�DENT AND ULTIMATELY IN�LTER DIVERGENCE �THAT IS� WHEN THE BACKGROUND ENSEMBLE STANDARD DEVIATION���

APPROACHES � AND THE ENSEMBLE IS UNABLE TO USE INFORMATION ABOUT OBSERVATIONS	 �!NDERSON AND !NDERSON� ��������

7HITAKER AND (AMILL� ����	� ! COMMON METHOD TO ADDRESS THIS PROBLEM IS äCOVARIANCE IN�ATIONå� GENERALLY� THIS REFERS���

TO ARTI�CIALLY INCREASING THE ENSEMBLE SPREAD BY� FOR EXAMPLE� APPLYING A MULTIPLICATIVE FACTOR GREATER THAN � TO THE���

ENSEMBLE COVARIANCE� 7HEN MANY OBSERVATIONS ARE ASSIMILATED� THE ENSEMBLE IS MORE PRONE TO COLLAPSE� AND THUS���

REQUIRES MORE IN�ATION� )N ��#2V�C� A SIMPLE MULTIPLICATIVE IN�ATION FACTOR �!NDERSON AND !NDERSON� ����	 WAS APPLIED���

TO THE ENSEMBLE COVARIANCE MATRIX AT EACH STEP� THIS FACTOR WAS PREDE�NED BASED ON YEAR AND LATITUDE� 4ABLE � SHOWS���

THE IN�ATION PARAMETERS USED IN ��#2V�C� 4HESE TIME PERIODS WERE CHOSEN TO LOOSELY RE�ECT AVAILABILITY AND DENSITY���

OF OBSERVATIONS� FOR EXAMPLE� THERE WERE FEW .ATIONAL -ETEOROLOGICAL 3ERVICES ORGANIZED PRIOR TO ����� AND THUS���

THE OBSERVATIONAL NETWORK WAS RELATIVELY SPARSE� 4HE PERIOD ����â���� REPRESENTS A TRANSITION PERIOD� WITH SUCH���

DEVELOPMENTS AS THE FOUNDING OF THE )NTERNATIONAL -ETEOROLOGICAL #OMMITTEE IN ����� THE NETWORK OF OBSERVATIONS���

IN THE .ORTHERN (EMISPHERE BECOMES DENSER� #ONVERSELY� THE 3OUTHERN (EMISPHERE OBSERVATION NETWORK REMAINS���

RELATIVELY SPARSE INTO THE ��TH CENTURY����

7HILE THIS METHOD ENSURED THAT LARGER IN�ATION PARAMETERS WERE APPLIED WHEN THE OBSERVATION NETWORK WAS���

MORE DENSE �E�G�� IN THE .ORTHERN (EMISPHERE AND IN MODERN TIME PERIODS	� THE ABRUPT CHANGES IN THE PARAMETERS ARE���

RESPONSIBLE FOR ARTI�CIAL SIGNALS IN THE TIME SERIES OF UNCERTAINTY� 4HE SPIKE IN ENSEMBLE SPREAD IN ���� �SOLID BLACK LINE���

IN &IG� �	 IS AN ARTIFACT OF THE MULTIPLICATIVE IN�ATION ALGORITHM USED IN ��#2V�C� THIS IS THE YEAR THE IN�ATION PARAMETER���

IN THE 3OUTHERN (EMISPHERE INCREASED FROM ���� TO ���� �4ABLE �	� AND THERE IS NO CORRESPONDING DECREASE IN NUMBER OF���

OBSERVATIONS ASSIMILATED� )N FACT� ���� MARKS AN INCREASE IN ASSIMILATED 3,0 OBSERVATIONS� THIS ORIGINALLY MOTIVATED���

INCREASING THE IN�ATION PARAMETER IN THAT PARTICULAR YEAR����

!NOTHER ISSUE DEMONSTRATED BY &IG� � IS THE UNDER
CON�DENCE OF THE ENSEMBLE SPREAD� !S DISCUSSED EARLIER� THE���

TEMPORAL SPREAD CAN BE USED AS A PROXY FOR A CLIMATOLOGICAL SPREAD� 5NTIL THE ����S� THE ENSEMBLE SPREAD IS LARGER THAN���

THE TEMPORAL SPREAD� SUGGESTING THAT THE ENSEMBLE WAS LESS CON�DENT THAN A CLIMATOLOGICAL ESTIMATE� 4HE INVERSE ALSO���

OCCURS� THE�XED IN�ATION ALGORITHM CAN RESULT IN TOO LITTLE IN�ATION OVER DATA
RICH REGIONS� LEADING TO OVERCON�DENCE IN���

THESE AREAS �NOT SHOWN	����

4HE VERSION � SYSTEM USES AN IMPROVED IN�ATION ALGORITHM REFERRED TO AS RELAXATION
TO
PRIOR
SPREAD �7HITAKER���

AND (AMILL� ����	� 5SING THIS ALGORITHM� THE IN�ATION ADAPTS TO THE OBSERVATION NETWORK DENSITY� 7HEN THERE ARE FEW���

OBSERVATIONS� THE ENSEMBLE SPREAD IS HARDLY CHANGED� WHEN THERE ARE DENSE OBSERVATIONS� THE ENSEMBLE SPREAD IS���

äRELAXEDå BACK TO THE PRIOR SPREAD� BY AN AMOUNT� i nf � &OR EVERY MODEL GRID POINT¹x; yº AND ANALYSIS TIMEt � THE IN�ATION���

PARAMETER� i nf IS GIVEN BY����

� i nf ¹x; y; t º = pr el ax

� � b¹x; y; t º � � a¹x; y; t º
� a¹x; y; t º

�
ý ‚ ; ��	

WHERE� b¹x; y; t º IS THE STANDARD DEVIATION OF THE BACKGROUND ENSEMBLE�� a¹x; y; t º IS THE STANDARD DEVIATION OF THE���

ANALYSIS ENSEMBLE BEFORE IN�ATION� ANDpr el ax IS A RELAXATION PARAMETER THAT CAN VARY FROM � �NO IN�ATION	 TO � �IN�ATE TO���

PRIOR SPREAD	� 4HE RATIO OF ENSEMBLE SPREAD IN %QN� � IMPLICITLY DEPENDS ON THE DENSITY OF THE OBSERVATION NETWORK IN���

THAT REGION� A DENSE NETWORK WILL RESULT IN A SMALLER ANALYSIS ENSEMBLE SPREAD� AND THUS A LARGER IN�ATION PARAMETER� AND���
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VICE VERSA� )NITIAL TESTS WITH THE ��#2V� SYSTEM USEDpr el ax = • :ŠGLOBALLY� 4HESE TESTS �NOT SHOWN	 SUGGESTED THAT THIS���

WAS TOO LARGE IN THE 3OUTHERN (EMISPHERE� AS THE UNCERTAINTY WAS LARGER THAN A CLIMATOLOGICAL UNCERTAINTY� 4HUS� THE���

�NAL ��#2V� SYSTEM USESpr el ax = • :ŠFOR ��� 3â�� � . AND pr el ax = • :ˆ FOR ��� 3â�� � 3� )N THE TRANSITION ZONE ��� 3â�� � 3����

pr el ax VARIES LINEARLY FROM ��� TO ���� 4HESE VALUES OFpr el ax DO NOT CHANGE IN TIME� &IGURE � SHOWS REPRESENTATIVE���

EXAMPLES OF THE ADAPTIVE IN�ATION PARAMETER� i nf FROM FOUR DIFFERENT YEARS� A VALUE OF � IS EQUIVALENT TO NO IN�ATION����

4HE '&3 MODEL IN ��#2V� USES STOCHASTIC PHYSICS �!PPENDIX !	� WHICH ALSO CONTRIBUTES TO THE ENSEMBLE SPREAD����

4HIS EFFECT IS PARTICULARLY STRONG IN THE TROPICS� WHICH REDUCES THE NEED FOR IN�ATION IN THIS REGION �E�G�� &IG� �D	� /UTSIDE���

OF THE TROPICS� THE IN�ATION FACTOR DEPENDS ON THE OBSERVATION NETWORK DENSITY� OVER THE 53 AND %UROPE� AND THROUGHOUT���

THE .ORTHERN (EMISPHERE IN RECENT YEARS� THE IN�ATION FACTOR IS LARGER THAN ELSEWHERE� .OTE ALSO THAT THE RANGE OF���

IN�ATION PARAMETER VALUES USED IN ��#2V� IS MUCH LARGER THAN WAS PRESCRIBED IN ��#2V�C �COMPARE &IG� � AND 4ABLE �	����

&IGURE � ILLUSTRATES THE RESULT OF THESE CHANGES IN TERMS OF THE äCON�DENCEå IN�ELDS OF SEA LEVEL PRESSURE FROM���

VERSIONS �C AND � OF ��#2 DURING SELECTED EARLY ��TH CENTURY BOREAL WINTERS� (ERE� äCON�DENCEå IS DE�NED AS THE���

DIFFERENCE OF THE NORMALIZED TIME
AVERAGED ENSEMBLE STANDARD DEVIATION FROM �����

conf = ‚ � spr eadens•spr eadcl i m; ��	

WHEREspr eadens IS THE TIME
AVERAGED STANDARD DEVIATION OF THE ENSEMBLE OF ANALYZED 3,0 FROM THE STATED VERSION���

OF ��#2� ANDspr eadcl i m IS THE TEMPORAL STANDARD DEVIATION OF THE ��#2V�C ENSEMBLE MEAN �
HOURLY 3,0 OVER *AN
���

&EB
-AR FROM ����
����� )N OTHER WORDS�spr eadcl i m REPRESENTS AN ESTIMATE OF THE INHERENT WEATHER VARIABILITY� IT IS���

ASSUMED TO BE TIME
INVARIANT AND INDEPENDENT OF ENSEMBLE SPREAD� 4HUS� A CON�DENCE VALUE OF ZERO �DENOTED BY BLACK���

CONTOURS IN &IG� �A
B	 DENOTES ENSEMBLE SPREAD IDENTICAL TO THE CLIMATOLOGICAL SPREAD� GREATER CON�DENCE IMPLIES MORE���

CERTAINTY THAN CLIMATOLOGY� AND NEGATIVE CON�DENCE IMPLIES LESS CERTAINTY THAN CLIMATOLOGY� !SIDE FROM INTERANNUAL���

VARIATIONS IN WEATHER VARIABILITY �E�G�� #OMPO ET AL� �����		� THE MINIMUM CON�DENCE VALUE WOULD BE ZERO����

4HESE MAPS DEMONSTRATE FEATURES OF THE NEW ESTIMATES OF CON�DENCE IN ��#2V�� )N PARTICULAR� THERE IS MORE���

CERTAINTY OVER THE HIGH !RCTIC LATITUDES IN VERSION � �RED SHADING IN &IG� �C IN THIS REGION	 THAN SIMPLY USING A CLIMATOLOGICAL���

MEAN AS THE ANALYSIS� 4HERE IS ALSO MORE SPREAD OVER THE DENSELY
OBSERVED REGIONS OF .ORTH !MERICA AND %UROPE �BLUE���

SHADING IN &IG� �C IN THESE REGIONS	� 2ESULTS �NOT SHOWN	 USING INDEPENDENT OBSERVATIONS FROM 5�+� $AILY 7EATHER���

2EPORTS COMPARING EXPECTED AND ACTUAL ERRORS SUGGEST THAT THIS IS AN IMPROVEMENT� AS THE ��#2V�C ANALYSES ARE���

OVERCON�DENT OVER %UROPE IN THE ����S� 3IMILAR OVERCON�DENCE IS FOUND FOR ��#2V�C�RST
GUESS�ELDS �NOT SHOWN	� 7E���

EXPECT THAT THE RESULTS WOULD BE SIMILAR FOR INDEPENDENT OBSERVATIONS OVER .ORTH !MERICA� )N CONTRAST� THE LARGER
THAN
���

CLIMATOLOGICAL UNCERTAINTY OVER THE HIGH SOUTHERN LATITUDES HAS BEEN REDUCED BUT NOT ELIMINATED� DESPITE THE DECREASE���

INpr el ax DISCUSSED ABOVE� 4HERE IS ALSO A DECREASE IN CON�DENCE IN ��#2V� THROUGHOUT MUCH OF THE TROPICS� THIS MAY BE���

DUE TO THE STOCHASTIC PHYSICS DESCRIBED ABOVE� 4HE DECREASE IN CON�DENCE THROUGHOUT THE MID
LATITUDE OCEANS SUGGEST���

THAT FURTHER EXPERIMENTS WITHpr el ax MAY BE NECESSARY IN THE FUTURE� 7HILE MANY OF THE DIFFERENCES ARE LIKELY DUE TO THE���

NEW ADAPTIVE IN�ATION ALGORITHM� RECALL THAT ��#2V� USES AN �� MEMBER ENSEMBLE� AS OPPOSED TO THE �� MEMBERS IN���

��#2V�C� 4HE LARGER ENSEMBLE� AS WELL AS OTHER UPDATES TO THE ��#2V� SYSTEM� MAY ALSO HAVE CONTRIBUTED TO GREATER���

CONSISTENCY BETWEEN THE QUANTI�ED CON�DENCE OF VERSION � AND PRIOR EXPECTATIONS����

��� \ 'LOBAL SEA LEVEL PRESSURE BIAS���

!NOTHER SIGNI�CANT ISSUE IN ��#2V�C� A SEA LEVEL PRESSURE BIAS PRIOR TO THE ����S� PREVENTED THIS DATASET FROM BEING AS���

USEFUL AS IT COULD HAVE BEEN FOR ITS FULL SPAN� 4HIS BIAS IS EVIDENT IN GLOBALLY
AVERAGED TIME SERIES OF SEA LEVEL PRESSURE���

�&IGURE �� BLUE CURVE	 FOR MOST YEARS PRIOR TO ����� 2ELATIVE TO SEVERAL REANALYSES OF VARYING TIMESPANS� INCLUDING���
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%2!
)NTERIM �ORANGE	� THE HISTORICAL REANALYSES %2!
��# �GREEN	 AND #%2!
��# �GOLD	� AND A ��
MEMBER ENSEMBLE OF���

SIMULATIONS WITH THE SAME VERSION OF THE '&3 USED IN ��#2V�C BUT WITHOUT ASSIMILATION �äNO $!å� RED	� THE GLOBAL 3,0���

FROM ��#2V�C IS AS MUCH AS �
� H0A TOO LOW DURING THE PERIOD OF CONCERN� 3HADING ON &IG� � REPRESENTS ONE STANDARD���

DEVIATION WHEN ENSEMBLE ESTIMATES ARE AVAILABLE� NOTE THAT THE ��#2V�C SPREAD IN THE BIASED PERIOD IS STILL SEVERAL H0A���

AWAY FROM THE äNO $!å MEAN AND STANDARD DEVIATION����

4HE CAUSE IS REVEALED TO BE BIASED SHIP OBSERVATIONS IN THE MID
��TH CENTURY��RST REPORTED BY 4ODD -ITCHELL AT���

A MARINE DATA WORKSHOP �$IAZ ET AL�� ����� !NSELL ET AL�� ����� !LLAN AND !NSELL� ����	� COMBINED WITH THE ��#2V�C���

SYSTEM ALLOWING THE GLOBAL DRY PRESSURE TO BE UPDATED DURING THE ASSIMILATION CYCLE� 4HE ��#2V�C SYSTEM ASSIMILATED���

MANY LOW
BIASED SHIP OBSERVATIONS THROUGHOUT THE WORLD OCEANS� $URING THE ASSIMILATION� THE GLOBAL 3,0�ELD AND THE���

GLOBAL DRY AIR PRESSURE WERE UPDATED TO BE LOWER AND MORE CONSISTENT WITH THESE BIASED OBSERVATIONS� 4HIS RESULTED IN A���

FEEDBACK CYCLE� AS THE BIASED OBSERVATIONS CONTINUED TO BE ASSIMILATED IN THE MID
��TH CENTURY AND THE GLOBAL 3,0 AND���

DRY AIR PRESSURE�ELDS CONTINUED TO BE LOWERED� 7HILE ��#2V�C INCLUDED A BIAS CORRECTION TO LAND STATIONS� IT DID NOT���

INCLUDE A MARINE OBSERVATION BIAS CORRECTION ALGORITHM� &IGURE �A SHOWS A MAP OF THE ����â���� TIME
AVERAGED 3,0���

ANOMALY�ELDS FROM ��#2V�C ANALYSES� NOTE THE WIDESPREAD NEGATIVE ANOMALIES� PARTICULARLY OVER THE OCEANS� 0ANEL �B	���

DIFFERS FROM �A	 IN THAT IT USED AN EXPERIMENT THAT ASSIMILATED ABOUT ��� FEWER SHIP OBSERVATIONS THAN ��#2V�C� BUT���

WITH AN OTHERWISE IDENTICAL SETUP� /VERALL� THE ANOMALIES ARE LESS NEGATIVE� DEMONSTRATING THAT ASSIMILATING MORE SHIP���

OBSERVATIONS FROM ����â���� NEGATIVELY BIASED THE GLOBALLY
AVERAGED ANALYZED SEA LEVEL PRESSURE BY AS MUCH AS � H0A����

.OTE THAT THESE SHIPS WERE NOT CHOSEN ON AN A PRIORI BASIS� THIS ILLUSTRATES THE STRONG EFFECT OF A SMALL NUMBER OF BIASED���

OBSERVING PLATFORMS WITHIN A CYCLED DATA ASSIMILATION SYSTEM����

4WO IMPROVEMENTS IN ��#2V� WILL ADDRESS THIS ISSUE� &IRST� THE GLOBAL DRY PRESSURE CAN NO LONGER BE UPDATED WITHIN���

THE ASSIMILATION� INSTEAD� IT IS SPECI�ED ATŠ‰:„•†• K0A �4RENBERTH AND 3MITH� ����	� 4HIS PREVENTS THE FEEDBACK LOOP���

WITH THE BIASED SHIP OBSERVATIONS THAT ALLOWED THE GLOBAL SEA LEVEL PRESSURE BIAS TO PERSIST FOR NEARLY TWO DECADES OF���

��#2V�C DATA� 3ECOND� TO DIRECTLY ADDRESS THE OBSERVATION BIAS� A CORRECTION IS APPLIED TO MARINE OBSERVATIONS PRIOR TO���

����� )NVESTIGATIONS INTO THE INDIVIDUAL OBSERVATIONS FOUND THAT THE NEGATIVE BIAS IS NOT CONSISTENT ACROSS DIFFERENT���

VOYAGES IN THIS TIME PERIOD� SUGGESTING THAT A SINGLE BIAS CORRECTION FOR ALL MARINE OBSERVATIONS IN THIS TIME PERIOD WOULD���

NOT BE SUF�CIENT� 4HUS� A BIAS FOR EACH INDIVIDUAL SHIP IS CALCULATED AS THE MEAN DEVIATION FROM THE ��#2V�C ����
�������

CLIMATOLOGY� AND SUBTRACTED FROM THE MARINE OBSERVATIONS PRIOR TO ASSIMILATION �SEE !PPENDIX " FOR MORE DETAILS	����

&IGURE � ILLUSTRATES A TEST OF THESE NEW PROCEDURES� &IG� �A SHOWS THE ��#2V�C 3,0 ANNUAL ANOMALY FOR ����� NOTE���

THE CONSISTENTLY NEGATIVE DIFFERENCES THROUGHOUT THE TROPICS AND MIDLATITUDES� 4HE EFFECT OF CONSTRAINING DRY PRESSURE IN���

THE VERSION � SYSTEM WITHOUT BIAS CORRECTING THE OBSERVATIONS IS SHOWN IN &IGURE �B� 4HERE ARE STILL NEGATIVE ANOMALIES���

IN THE HIGHLY
TRAF�CKED REGIONS OF THE OCEAN �AROUND #APE (ORN� 3OUTH !MERICA� THE .ORTH 0ACI�C /CEAN OFF THE COAST OF���

THE 53� AND THE .ORTH !TLANTIC /CEAN	� )N ORDER TO RETAIN THE�XED DRY PRESSURE� THIS LEADS TO AN INCREASED 3,0 ANOMALY���

WHERE THERE ARE FEWER OBSERVATIONS� PARTICULARLY AROUND THE POLES� &IGURE �C INCLUDES BOTH THE�XED DRY PRESSURE AND���

THE BIAS
CORRECTED SHIP OBSERVATIONS� 4HE NEGATIVE ANOMALIES IN HIGH
DENSITY MARINE REGIONS ARE NOW ALMOST ENTIRELY���

REMOVED� AND WHILE THE POSITIVE ANOMALY OVER THE HIGH SOUTHERN LATITUDES REMAINS� IT HAS BEEN DIMINISHED� 4HE BLACK���

CURVES IN &IG� � REPRESENT THE ANNUAL GLOBAL 3,0 FROM ��#2V� DURING THREE TEST PERIODS� AND DEMONSTRATE THE LARGE
SCALE���

EFFECTS OF THESE CHANGES TO THE ��#2V� SYSTEM����

!S WITH MANY BIAS CORRECTION SCHEMES� IT IS POSSIBLE THAT THIS METHOD IS REMOVING REAL SIGNALS FROM HISTORICAL���

OBSERVATIONS BY FORCING THEM TOWARDS A MODERN CLIMATOLOGY� &OR EXAMPLE� THE NEGATIVE 3,0 ANOMALIES IN THE SOUTHERN���

MIDLATITUDES PRIOR TO BIAS CORRECTION �&IG� �B	 ARE ASSUMED TO BE EFFECTS OF BIASED OBSERVATIONS FROM SHIPS� AS THESE���

ANOMALIES ARE STRONGEST IN HEAVILY
TRAF�CKED SHIPPING LANES AND WHALING AREAS� (OWEVER� THIS PATTERN COULD BE A REAL���

CLIMATOLOGICAL SHIFT IN WAVE NUMBER � OF THE ZONAL�OW IN THE 3OUTHERN (EMISPHERE �SEE� FOR EXAMPLE� VAN ,OON AND���

*ENNE �����	� 2APHAEL �����		 AND WOULD BE ERRONEOUSLY REMOVED BY THE BIAS CORRECTION SCHEME �&IG� �C	� .EVERTHELESS����
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IN THE ABSENCE OF MORE INFORMATION ABOUT THESE PRESSURE OBSERVATIONS OR INDEPENDENT RECONSTRUCTIONS OF THE MID
��TH���

CENTURY 3,0�ELDS FOR VALIDATION� THIS PROCEDURE PROVIDES AN IMPROVEMENT OVER UNCORRECTED MARINE OBSERVATIONS���

LEADING TO SPURIOUS 3,0 TRENDS �E�G�� &IG� �	� $EEPER INVESTIGATIONS INTO THE CAUSE OF THIS OBSERVATIONAL BIAS �SUCH AS���

CHANGES IN METEOROLOGICAL LOGS OR BAROMETER
CORRECTION PRACTICES OVER THE PERIOD ����
����	 COULD ALLOW FOR MORE���

REALISTIC BIAS CORRECTION SCHEMES IN THE FUTURE����

��� \ !RTIFACTS IN PRECIPITATION AND WIND���

7HILE THE GLOBAL 3,0 TREND PRIOR TO ���� IN &IGURE � COULD BE ATTRIBUTED IN SOME WAY TO THE OBSERVATIONS� OTHER ARTIFACTS���

CAN BE TRACED BACK TO THE ASSIMILATION METHOD� /NE EXAMPLE STEMS FROM THE USE OF A DIGITAL�LTER �,YNCH AND (UANG����

����� (UANG AND ,YNCH� ����	 IN THE FORECAST STEP OF ��#2V�C THAT WAS IMPLEMENTED TO TEMPORALLY SMOOTH THE PHYSICAL���

�ELDS AFTER THE %N+& UPDATE �!PPENDIX !	� 7ITHOUT THIS�LTERING� IMBALANCES INTRODUCED BY THE %N+& UPDATE WOULD���

HAVE RESULTED IN NUMERICAL NOISE DURING THE FORECAST STEP� WHICH IN TURN WOULD HAVE CONTAMINATED THE FORECASTS AND���

THE COVARIANCE ESTIMATE DURING THE NEXT ASSIMILATION STEP� DEGRADING THE ACCURACY OF THE ANALYSIS� 4HE DIGITAL�LTER WAS���

ACTIVE FOR FORECAST HOURS �
�� AND WAS TURNED OFF FOR HOURS �
�� /NE EFFECT OF THE DIGITAL�LTER SWITCHING ON AND OFF IS AN���

ARTI�CIAL POSITIVE TREND IN THE TENDENCY OF PRECIPITATION RATES FROM CONSECUTIVE FORECAST WINDOWS �&IGURE �A	����

)NSTEAD OF A DIGITAL�LTER� THE VERSION � SYSTEM USES A �$ INCREMENTAL ANALYSIS UPDATE ��$)!5	 �"LOOM ET AL�� ��������

,EI AND 7HITAKER� ����	 TO MITIGATE THE IMBALANCES INTRODUCED BY THE %N+& UPDATE� %SSENTIALLY� THE UPDATES CALCULATED���

BY THE %N+& ANALYSIS STEP ARE APPLIED AS A MODEL FORCING AT EVERY TIME STEP WITHIN THE FORECAST� PREVENTING GRAVITY WAVE���

NOISE FROM CONTAMINATING ITS SHORT
TERM EVOLUTION� 5NLIKE THE DIGITAL�LTER� THE TEMPORAL SMOOTHING IN THE �$)!5 IS���

EFFECTIVELY ONLY APPLIED TO ANALYSIS INCREMENTS� NOT TO THE�ELDS OUTPUT FROM THE MODEL� THEREBY ELIMINATING THE SPURIOUS���

TENDENCY TRENDS SEEN DURING THE FORECASTS OF VERSION �C� &IGURE �B DEMONSTRATES THE IMPROVEMENT OVER THE DIGITAL���

�LTER� THE PRECIPITATION RATE BIASES HAVE ALMOST ENTIRELY DISAPPEARED� .OTE THAT THE SPATIAL AVERAGE OF THE TENDENCIES���

�DIFFERENCE BETWEEN �
� HOUR AND �
� HOUR FORECASTED PRECIPITATION RATES	 FROM ��#2V�C�ELDS �&IG� �A	 IS ���� MM�DAY����

WHILE THE AVERAGE FROM ��#2V� �&IG� �B	 IS ���� MM�DAY� 4HESE�GURES 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� SYSTEM IS NEARLY THE���

SAME AS ��#2V�C� &IGURE � SHOWS THE ���� ANNUAL AVERAGE PRECIPITATION RATES FOR �A	 ��#2V�C� �B	 ��#2V�� AND �C	 THE���

GRIDDED� BLENDED SATELLITE�GAUGE PRECIPITATION DATASET FROM .!3!åS 'LOBAL 0RECIPITATION #LIMATOLOGY 0ROJECT �'0#0����

!DLER ET AL� �����		� 4HE ��#2V� �ELD HAS A STRONGER SEPARATION IN THE WESTERN TROPICAL RAINBAND THAN ��#2V�C� LEADING���

TO A DOUBLE )NTER
4ROPICAL #ONVERGENCE :ONE �)4#:	 THAT IS NOT AS APPARENT IN THE '0#0 DATASET� .OTE THAT BOTH VERSIONS���

OF ��#2 ALSO OVERESTIMATE GLOBAL PRECIPITATION RATES RELATIVE TO '0#0� INVESTIGATIONS INTO THIS ISSUE ARE ONGOING����

&IGURES �A AND �A SHOW ANOTHER ARTIFACT OF ��#2V�C� PREVIOUSLY IDENTI�ED BY +ENT ET AL� �����	� NAMELY� A SPECTRAL���

RINGING CHARACTERISTIC IN THE PRECIPITATION MEAN AND DIFFERENCE�ELDS� 4HIS ARTIFACT IS EVEN MORE APPARENT IN THE ��M���

WIND�ELDS �&IGURE ��A	� 4HIS EFFECT IS THE RESULT OF AN ERROR IN THE SPECTRAL TRANSFORM OF A HIGHER
RESOLUTION OROGRAPHY TO���

THE LOWER
RESOLUTION�ELD USED AS AN INPUT TO ��#2V�C �&IG� ��C	� 3INCE ��#2V� USES A MODEL AT A HIGHER RESOLUTION THAN���

��#2V�C� IT DOES NOT SUFFER FROM THIS ISSUE AS DRAMATICALLY �&IG� ��B � D	� AND THE PRECIPITATION AND WIND�ELDS LACK ANY���

SPECTRAL RINGING SIGNALS����
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)N ADDITION TO THE SPECI�C DEVELOPMENTS IN THE VERSION � SYSTEM THAT WERE DESIGNED TO AMELIORATE ISSUES IN ��#2V�C����

EARLY TESTS WITH THE ��#2V� SYSTEM SUGGEST THAT IT WILL BENE�T FROM OTHER UPDATES TO THE SYSTEM LEADING TO OVERALL���

IMPROVEMENTS� )N PARTICULAR� THE VERSION � SYSTEM USES ADAPTIVE QUALITY CONTROL AND LOCALIZATION AND SPECI�ES SMALLER���

TROPICAL CYCLONE OBSERVATION ERRORS� 4HESE CHANGES� IN CONJUNCTION WITH A NEWER� HIGHER
RESOLUTION FORECAST MODEL� A���

LARGER OBSERVATIONAL DATABASE� AND THE IMPROVEMENTS DESCRIBED IN 3ECTION �� YIELD RESULTS SUGGESTING THAT ��#2V� WILL���

HAVE SMALLER FORECAST ERRORS� LARGE
SCALE REDUCTIONS IN MODEL BIAS� AND MORE ACCURATE REPRESENTATIONS OF HURRICANES����

��� \ !DAPTIVE METHODS FOR ASSIMILATING OBSERVATIONS���

!LL VERSIONS OF ��#2 USE AN ENSEMBLE +ALMAN�LTER TO ASSIMILATE OBSERVATIONS� )T IS WELL
KNOWN THAT LOCALIZATION IS���

REQUIRED TO PREVENT SPURIOUS ENSEMBLE CROSS
CORRELATIONS FROM DEVELOPING FAR AWAY FROM THE ASSIMILATED OBSERVATIONS���

�(OUTEKAMER AND -ITCHELL� ����� ����� (AMILL ET AL�� ����� !NDERSON� ����	� 4HE USE OF LOCALIZATION IN ENSEMBLE DATA���

ASSIMILATION SYSTEMS FOR WEATHER PREDICTION IS CRUCIAL� SINCE CURRENT
GENERATION SYSTEMS ARE BEING RUN WITH ENSEMBLE���

SIZES MANY ORDERS OF MAGNITUDE SMALLER THAN THE SIZE OF THE FORECAST MODEL STATE VECTOR� 4RADITIONAL LOCALIZATION SCHEMES���

USE A SMOOTH CUTOFF FUNCTION� SUCH AS THE PIECEWISE CONTINUOUS�FTH
ORDER POLYNOMIAL FUNCTION DESCRIBED BY 'ASPARI AND���

#OHN �����	� TO TAPER THE COVARIANCES TO ZERO AT A GIVEN DISTANCE AWAY FROM AN OBSERVATION� 4YPICALLY� THIS ä'ASPARI
#OHNå���

LOCALIZATION IS A FUNCTION OF ONLY THE HORIZONTAL DISTANCE BETWEEN AN OBSERVATION AND A STATE VARIABLE� AND IS DESCRIBED BY���

A SINGLE PARAMETER THAT IS RELATED TO THE DISTANCE AT WHICH THE 'ASPARI
#OHN FUNCTION GOES TO ZERO� 4HE OPTIMAL VALUE FOR���

THE LOCALIZATION LENGTH SCALE MAY BE A FUNCTION OF MANY ASPECTS OF THE DATA ASSIMILATION SYSTEM� SUCH AS THE DENSITY OF���

THE OBSERVING SYSTEM AND THE SCALE OF THE PHENOMENA BEING OBSERVED� 4HIS MAKES TUNING THE LOCALIZATION LENGTH SCALE���

DIF�CULT� ESPECIALLY WHEN THE OBSERVING SYSTEM IS VERY INHOMOGENEOUS� AND MANY DIFFERENT SCALES ARE BEING OBSERVED���

SIMULTANEOUSLY� 4HE ��#2V�C SYSTEM USED A LOCALIZATION RADIUS OF ���� KM FOR ALL TIMES AND LOCATIONS BASED ON EARLY���

TESTS �7HITAKER ET AL�� ����	� A RELATIVELY LARGE VALUE WAS CHOSEN TO MAXIMIZE THE USE OF OBSERVATIONS IN DATA
SPARSE���

REGIONS AND TO MINIMIZE THE GENERATION OF SMALL
SCALE NOISE BY THE %N+& UPDATE� )N ADDITION� A�VE
STEP QUALITY CONTROL���

�1#	 PROCESS WAS EMPLOYED IN ��#2V�C� THIS IS THE SAME PROCESS USED IN ��#2V� AND DESCRIBED IN !PPENDIX " OF #OMPO���

ET AL� �����	����

3INCE THE ��#2 SYSTEM ONLY ASSIMILATES SURFACE PRESSURE OBSERVATIONS AND THE NETWORK CAN BECOME QUITE SPARSE IN���

THE ��TH CENTURY� IT IS IMPORTANT TO EXTRACT THE MOST INFORMATION FROM EACH OBSERVATION� )N ORDER TO MAKE BETTER USE OF���

THE OBSERVATIONS� ��#2V� USES AN ADAPTIVE QUALITY CONTROL PROCEDURE JOINTLY WITH AN ADAPTIVE LOCALIZATION ALGORITHM����

/BSERVATIONS MUST PASS TWO INITIAL GROSS 1# STEPS� IF THE OBSERVATION IS OUTSIDE A PLAUSIBLE RANGE OR IF THE OBSERVATION IS���

TOO FAR FROM THE�RST GUESS� THE OBSERVATION IS REJECTED� 4HE�RST STEP WILL REJECT AN OBSERVATION THAT IS OUTSIDE THE RANGE���

��� AND ���� H0A� 4HE SECOND STEP WILL REJECT AN OBSERVATIONxob IF IT IS TOO FAR FROM THE�RST GUESSxf g ����

jxob � xf g j > „ :ƒ �
q

� ƒ
b ý � ƒ

ob; ��	

WHERE� ƒ
b IS THE VARIANCE OF THE�RST GUESS ENSEMBLE INTERPOLATED TO THE OBSERVATION TIME AND LOCATION AND� ƒ

ob IS THE���

OBSERVATION ERROR VARIANCE� 5NLIKE ��#2V�C� VERSION � DOES NOT UTILIZE A äBUDDY CHECKå OR A THINNING ALGORITHM TO REJECT���

OBSERVATIONS THAT DEGRADE THE�T OF THE ANALYSIS TO NEARBY OBSERVATIONS OR THAT DO NOT DECREASE THE ANALYSIS ENSEMBLE���

SPREAD� )NSTEAD� THE ADAPTIVE QUALITY CONTROL ASSIGNS THESE OBSERVATIONS LARGER ERRORS AND SMALLER LOCALIZATION RADII� SO���

THAT THEIR REGION OF IN�UENCE IS ESSENTIALLY ZERO� $ETAILS OF THE ADAPTIVE QUALITY CONTROL AND LOCALIZATION PROCEDURES USED���

IN ��#2V� CAN BE FOUND IN !PPENDICES #
$����

Page 19 of 48 Quarterly Journal of the Royal Meteorological Society

1
2
3
4
5
6
7
8
9
10
11
12
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
55
56
57
58
59
60



For Peer R
eview

, ! 52! #� 3 ,)6).3+) %4 !, � ��

&IGURE �� SHOWS MAPS OF OBSERVATIONS WITHIN A SINGLE ASSIMILATION WINDOW FOR FOUR TEST YEARS� ����� ����� ��������

AND ����� .OTE THAT� AS THE OBSERVATION NETWORK BECOMES DENSER� THE LOCALIZATION LENGTHS GENERALLY DECREASE� )N �������

AND ����� THE OBSERVATION NETWORK IS RELATIVELY SPARSE� AND MOST OBSERVATIONS HAVE LOCALIZATION LENGTH SCALES NEAR���

THE MAXIMUM ALLOWED OF ���� KM� )N THE YEAR ����� HOWEVER� MOST OBSERVATIONS LOCATED WITHIN DENSELY OBSERVED���

AREAS HAVE LOCALIZATION LENGTH SCALES CLOSER TO ���� KM� THOUGH THERE ARE A FEW OBSERVATIONS WITHIN THESE AREAS THAT THE���

ALGORITHM SELECTS FOR LONGER LOCALIZATION LENGTH SCALES� /BSERVATIONS LOCATED WITHIN AREAS THAT ARE SPARSELY OBSERVED���

�SUCH AS THE 3OUTHERN /CEAN AND !NTARCTICA	 STILL HAVE FAIRLY LONG LOCALIZATION LENGTH SCALES IN THE YEAR ����� 4HIS NEW���

PROCEDURE ALLOWS MANY MORE OBSERVATIONS TO BE ASSIMILATED WITHIN ��#2V� WHILE ADAPTIVELY ALLOWING OBSERVATIONS���

WITH SIGNI�CANT BENE�CIAL EFFECTS TO HAVE LARGER RANGES OF IMPACT� AND OBSERVATIONS THAT HAVE LESS BENE�CIAL EFFECTS TO���

HAVE SMALLER RANGES����

��� \ /BSERVATION STATISTICS���

/BSERVATIONS HAVE A LARGE IMPACT ON OVERALL PERFORMANCE OF REANALYSES� INACCURATE OBSERVATIONS AS WELL AS THE INCORRECT���

PRESCRIPTION OF THEIR ERRORS CAN IMPACT GLOBAL�ELDS AND THEIR TRENDS �RECALL THE GLOBAL 3,0 BIAS IN &IGURE �	� )T IS CRUCIAL����

THEN� TO INVESTIGATE THE BEHAVIOR OF THEIR STATISTICS IN THE CONTEXT OF THE FULL SYSTEM� (ERE WE SHOW THAT� WHILE ��#2V�C���

PERFORMS FAIRLY WELL UNDER MANY MEASURES� THE UPDATED ALGORITHMS USED IN ��#2V� PRODUCE CLEAR IMPROVEMENTS IN���

SEVERAL TEST PERIODS����

3TATISTICS OF THE DEPARTURES OF OBSERVATIONS FROM THE�RST
GUESS�ELD CAN PROVIDE ONE MEASURE OF HOW WELL THE���

ENTIRE SYSTEM IS PERFORMING� PARTICULARLY WHEN COMPARED WITH STATISTICS OF THE EXPECTED ERRORS� 4HE äACTUALå ERROR IS���

DE�NED AS����

2-3% actual =

2
6
6
6
6
4

‚
Nobs

NobsÕ

i =‚

�
xob;i � xb;i

�ƒ
3
7
7
7
7
5

‚•ƒ

; ��	

WHEREi INDEXES ALLNobs OBSERVATIONS THAT ARE CONTRIBUTING TO THE STATISTIC �IN SPACE OR TIME	�xob;i IS THEi th OBSERVATION����

ANDxb;i IS THE�RST
GUESS�ELD INTERPOLATED TO THEi th OBSERVATION TIME AND LOCATION� 4HE EXPECTED ERROR IS THEN DE�NED���

AS����

2-3% exp: =

2
6
6
6
6
4

‚
Nobs

NobsÕ

i =‚

�
� ƒ

ob;i ý � ƒ
b;i

�
3
7
7
7
7
5

‚•ƒ

; ��	

WHEREi INDEXES THE SAMENobs OBSERVATIONS AS ABOVE�� ƒ
ob;i IS THEi th OBSERVATION ERROR VARIANCE� AND� ƒ

b;i IS THE VARIANCE���

OF THE�RST GUESS ENSEMBLE� INTERPOLATED TO THEi th OBSERVATION TIME AND LOCATION� !S SHOWN BY $ESROZIERS ET AL� �����	����

UNDER THE ASSUMPTIONS THAT THE OBSERVATION AND BACKGROUND ERRORS ARE UNCORRELATED AND UNBIASED� THESE ERRORS SHOULD���

BE EQUIVALENT� )N A $! SYSTEM THAT IS PERFORMING WELL� THE ACTUAL ERRORS SHOULD NOT BE LARGER THAN THE EXPECTED ERRORS� 7E���

CONSIDER TIME SERIES OF REGIONALLY
 AND ANNUALLY
AVERAGED SURFACE PRESSURE FORECAST ERRORS FOR THE .ORTHERN (EMISPHERE���

��� � . TO �� � .	� TROPICS ���� 3 TO �� � .	� AND 3OUTHERN (EMISPHERE ���� 3 TO �� � 3	� 4HAT IS� THE STATISTICS IN %QUATIONS �
����

ARE CALCULATED USING ALL OBSERVATIONS IN THE GIVEN REGION FOR EACH YEAR� 4HESE ARE PLOTTED IN &IGURE �� FOR ��#2V�C �BLUE	���

FOR ALL YEARS AND ��#2V� �BLACK	 FOR THREE TEST PERIODS����

!S EXPECTED FROM %N+& THEORY AND SEEN WITH ��#2V� �#OMPO ET AL�� ����	� ERRORS DECREASE IN TIME AS OBSERVATIONS���

ARE DENSER AND MORE ACCURATE� .OTE THAT THIS IS NOT A RESULT OF ANY äTUNINGå� 4HE 3OUTHERN (EMISPHERE ERRORS FROM���

��#2V�C MATCH THE EXPECTED ERRORS PARTICULARLY WELL IN ALL DECADES AFTER ����� 4HE ��#2V�C ERRORS IN THE TROPICS ARE���

Page 20 of 48Quarterly Journal of the Royal Meteorological Society

1
2
3
4
5
6
7
8
9
10
11
12
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
55
56
57
58
59
60



For Peer R
eview

�� , !52! #� 3 ,)6).3+) %4 !, �

LESS CONSISTENT� AND THE ACTUAL ERRORS IN THE .ORTHERN (EMISPHERE ARE ALMOST ALWAYS LARGER THAN THE EXPECTED ERRORS����

BY OVER � H0A IN EARLIER DECADES AND BY ���
��� H0A IN RECENT DECADES� 4HIS SUGGESTS THAT� IN THE ��#2V�C SYSTEM� THE���

ERRORS ASSIGNED TO OBSERVATIONS MIGHT BE TOO LOW� THE�RST GUESS ENSEMBLE SPREAD IS TOO SMALL� THE OBSERVATIONS OR�RST���

GUESS�ELDS ARE BIASED� OR A COMBINATION OF THESE����

4HE PRELIMINARY ��#2V� ERRORS �BLACK CURVES IN &IG� ��	 SHOW IMPROVEMENTS IN NEARLY EVERY TEST PERIOD� 7HILE THE���

ACTUAL ERRORS IN THE ���� â ���� TEST PERIOD ARE STILL LARGER THAN THE EXPECTED ERRORS� THIS DISCREPANCY IS SMALLER THAN���

IN ��#2V�C� 2ECALL FROM 3ECTION � THAT� PRIOR TO ����� A BIAS CORRECTION WAS MADE TO MARINE OBSERVATIONS IN ��#2V�����

IN ADDITION TO THE STATION OBSERVATION BIAS CORRECTION� !LTHOUGH DRY AIR MASS CONSERVATION IS MAINLY RESPONSIBLE FOR���

REMOVING THE LOW
PRESSURE BIAS �&IG� �	� THE SHIP BIAS CORRECTION PROVIDES FURTHER IMPROVEMENT� &OR THE MODERN PERIOD���

IN ALL REGIONS� THE ACTUAL ERROR IS ALWAYS LESS THAN EXPECTED� 4HIS SUGGESTS THAT THE ASSIGNED OBSERVATION ERRORS MAY���

BE TOO LARGE FOR MODERN YEARS� AND FUTURE WORK MAY INVESTIGATE THE EFFECTS OF TIME
VARYING OBSERVATION ERRORS AS IN���

,ALOYAUX ET AL� �����	� .EVERTHELESS� THE OVERALL EFFECT OF THE NEW ALGORITHMS IN THE VERSION � SYSTEM� INCLUDING SHIP BIAS���

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� AS WELL AS TO THE NEW ALGORITHMS IMPLEMENTED���

IN THE ��#2V� SYSTEM� 4HIS IS SUPPORTED BY INVESTIGATIONS INTO THE STATION BIAS CORRECTIONS� RECALL THAT THESE CORRECTIONS���

ARE BASED ON ��
DAY AVERAGE DIFFERENCES BETWEEN OBSERVATIONS FROM EACH STATION AND THE�RST
GUESS PRESSURE AT THAT���

LOCATION� )DEALLY� THE CONSISTENT MISMATCH BETWEEN OBSERVATIONS AND THE MODEL�RST GUESS ARE BIASES IN THE OBSERVATIONS���

THAT ARE REMOVED� HOWEVER� THE MISMATCH COULD BE DUE TO MODEL ERRORS� AND THE ALGORITHM WOULD ACTUALLY BE ADJUSTING���

THE OBSERVATIONS AWAY FROM REALITY AND TOWARDS THE BIASED MODEL STATE� )N PARTICULAR� IT IS LIKELY THAT BIASES WITH LARGE
���

SCALE SPATIAL PATTERNS ARE MODEL ERRORS� THOUGH THEY COULD RESULT FROM NATIONAL ISSUES PRODUCING SIMILAR BIASES �3LONOSKY���

AND 'RAHAM� ����	 OR INTERNATIONAL CHANGES IN OBSERVING PRACTICES THAT ARE ADOPTED BY NATIONS AT DIFFERENT RATES �SEE���

DISCUSSION IN 4RENBERTH AND 0AOLINO �����		� #ONVERSELY� SMALL
SCALE BIASES MAY POINT TO A MIS
ASSIGNMENT OF STATION���

ELEVATION OR POSITION� THESE ARE OBSERVATIONAL BIASES THAT SHOULD BE CORRECTED����

&IGURE �� �LEFT COLUMN	 SHOWS THE ANNUAL AVERAGE STATION PRESSURE BIASES FROM ����� ����� AND ���� THAT WERE���

REMOVED FROM OBSERVATIONS IN ��#2V�C� .OTE THE ANNUAL VALUES IN THE REGION OVER EASTERN %UROPE AND MUCH OF NORTHERN���

!SIA ARE CONSISTENTLY NEGATIVE� SUGGESTING A MODEL BIAS �SEE ALSO VAN DEN "ESSELAAR ET AL� �����		� #ONVERSELY� THE VERSION���

� DATA DOES NOT SHOW THE SAME SPATIAL OR TEMPORAL CONSISTENCY OF NEGATIVE VALUES IN THIS REGION �&IG� ��� RIGHT COLUMN	����

4HIS SUGGESTS THAT THE MODEL USED IN VERSION � MAY BE LESS BIASED THAN IN ��#2V�C� !NOTHER CAUSE COULD BE DUE TO THE���

PROCESS OF THE STATION BIAS CORRECTION� ��#2V�C CALCULATED BIASES FROM THE OBSERVATIONS INTERPOLATED TO THE MODEL���

SURFACE� BUT INADVERTENTLY APPLIED THE CORRECTION AT THE LEVEL OF THE OBSERVATION� IN ��#2V�� THE BIAS CORRECTION IS���

CALCULATED AND APPLIED AT THE LEVEL OF THE OBSERVATION����

5NLIKE THE %URASIAN BIASES� CONSISTENT REGIONAL BIASES OVER THE 53 HAVE HARDLY CHANGED IN ��#2V�� IT IS UNCLEAR���

WHETHER THIS IS A MODEL BIAS EFFECT OR NOT� /THER POSSIBLE CAUSES OF LARGE
SCALE BIASES INCLUDE OROGRAPHY �BIASES OVER���

MOUNTAIN RANGES TEND TO BE CONSISTENT� SEE THE (IMALAYA	 AND NATIONALITY �DUE TO COUNTRY
SPECI�C CALIBRATION AND���

CORRECTION METHODS� C�F� THE #ANADIAN ä��
FOOT RULEå �3LONOSKY AND 'RAHAM� ����		� &INALLY� VERSION � INCLUDES MANY���

OTHER CHANGES TO THE ASSIMILATION METHOD AND THE OBSERVATION HANDLING� AS WELL AS CHANGES TO THE FORECAST MODEL� SO���

IT IS DIF�CULT TO CON�DENTLY CONCLUDE THAT THE NEGATIVE BIAS OVER NORTHERN !SIA WAS A MODEL ERROR THAT HAS BEEN�XED����

2EGARDLESS� THE OVERALL MISMATCH BETWEEN STATION OBSERVATIONS AND�RST
GUESS�ELDS HAS BEEN NOTABLY DIMINISHED IN���

��#2V�� 4HIS LEADS TO ANALYZED 3,0�ELDS �&IGURE ��	 AND ��� H0A GEOPOTENTIAL HEIGHT�ELDS �&IGURE ��	 THAT ARE CLOSER���

TO THOSE OF %2!
)NTERIM AND *2!
��� PARTICULARLY IN NORTHERN %URASIA����
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��� \ 2EPRESENTATION OF HURRICANES���

(ISTORICAL REANALYSES ARE ESPECIALLY USEFUL FOR STUDYING EXTREME WEATHER EVENTS� SINCE THESE ARE BY DE�NITION RARE���

BUT HIGH
IMPACT EVENTS� 4ROPICAL AND EXTRATROPICAL CYCLONES ARE OF PARTICULAR INTEREST AS THEY CAN RESULT IN LOSS OF LIFE���

AND ENORMOUS�NANCIAL COSTS� 4O IMPROVE UNDERSTANDING AND PREDICTIONS OF THESE STORMS� IT IS NECESSARY TO IMPROVE���

OUR UNDERSTANDING OF THE LARGE
SCALE DRIVERS OF THEM AS WELL AS HOW STORM CHARACTERISTICS ARE CHANGING AS THE CLIMATE���

CHANGES� )F HISTORICAL REANALYSES CAN ACCURATELY CAPTURE THESE STORMS� THEY PROVIDE A LONG� CONSISTENT SAMPLE OF SUCH���

EXTREME EVENTS AND THEIR ASSOCIATE LARGE
SCALE ENVIRONMENT����

)N ORDER TO REPRESENT TROPICAL CYCLONES �4#S	� ��#2V�C ASSIMILATED 4# DATA FROM )"4R!#3 �+NAPP ET AL�� ����	 IN���

ADDITION TO LAND STATION AND MARINE PRESSURE OBSERVATIONS� )"4R!#3 CONSISTS OF ACTUAL PRESSURE MEASUREMENTS� PRESSURE���

REPORTS CALCULATED AS TIME
INTERPOLATED VALUES FROM TROPICAL CYCLONE WARNING CENTERS� AND WIND
DERIVED CENTRAL PRESSURE���

REPORTS� SEE #OMPO ET AL� �����	� +NAPP ET AL� �����	 FOR MORE DETAILS� 3INCE THESE DATA ARE OFTEN SIGNI�CANTLY LOWER���

PRESSURE VALUES THAN THE NEARBY STATION OBSERVATIONS� THEY WOULD GENERALLY FAIL THE QUALITY CONTROL STEP THAT COMPARES���

OBSERVATIONS TO THEIR NEAREST NEIGHBORS �SEE !PPENDIX " OF #OMPO ET AL� �����		� THEREFORE� THE ��#2 SYSTEM HAS���

)"4R!#3 DATA BYPASS THESE CHECKS AND ASSIMILATES THESE DEEP
LOW DATA����

)N VERSION �C� THESE DATA WERE ASSIGNED OBSERVATION ERRORS THAT WERE MUCH HIGHER THAN FOR ANY OTHER TYPE OF���

OBSERVATION TO PREVENT NUMERICAL INSTABILITIES FROM ARISING IMMEDIATELY AFTER ASSIMILATION� SEE 4ABLE !��� $ESPITE DIGITAL���

�LTERING TO SMOOTH THE EVOLUTION OF THE POST
UPDATE�ELDS� TESTS USING SMALLER ERRORS WOULD OCCASIONALLY STILL GENERATE���

AMPLIFYING GRAVITY WAVES AND NUMERICAL INSTABILITY� 7HILE THE LARGE ERROR ASSIGNMENT ELIMINATED THIS PROBLEM� THE���

RESULTING ��#2V�C ANALYSES CAN HAVE CENTRAL PRESSURE VALUES THAT ARE MUCH HIGHER THAN THE )"4R!#3 DATA� SOMETIMES���

BY �� H0A OR MORE� 4HE VERSION � SYSTEM� WITH AN UPDATED� HIGHER
RESOLUTION FORECAST MODEL AND �$)!5� CAN USE���

THESE OBSERVATIONS MORE EFFECTIVELY� !SSIMILATING 4# LOW
PRESSURE VALUES INTO THE VERSION � SYSTEM DOES NOT GENERATE���

INSTABILITIES� AND SO THE )"4R!#3 DATA CAN BE ASSIGNED SMALLER OBSERVATION ERRORS �SEE 4ABLE �	� 4HIS OFTEN YIELDS STRONGER���

CYCLONES WITH CENTRAL PRESSURE ANALYSES THAT ARE CLOSER TO THE ORIGINAL )"4R!#3 VALUE����

!S AN EXAMPLE� WE INVESTIGATE A STRONG HURRICANE THAT HIT 'ALVESTON� 4EXAS IN !UGUST ����� &IGURE �� ILLUSTRATES���

THE ANALYZED SEA LEVEL PRESSURE�ELDS �CONTOURS	 FROM � REANALYSES� AS WELL AS LOCATIONS OF OBSERVATIONS AVAILABLE TO���

EACH SYSTEM BETWEEN �� !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#� &OR EACH SYSTEM����

OBSERVATIONS THAT WERE ASSIMILATED ARE SHOWN AS SOLID CIRCLES� WHILE OBSERVATIONS THAT WERE REJECTED BY THE SYSTEMåS���

QUALITY CONTROL STEP ARE OPEN CIRCLES� "LUE CIRCLES REPRESENT STATION AND MARINE OBSERVATIONS� AND RED CIRCLES REPRESENT���

)"4R!#3 DATA� ��#2V�C �&IG� ��A	 ASSIMILATED THE )"4R!#3 REPORT OF ��� H0A ON �� !UG ���� AT ���� 54#� PRODUCING���

AN ANALYZED VALUE OF ��� H0A AT THE CENTER OF THE STORM� )N VERSION � �&IG� ��B	� THE STORM IS EVEN STRONGER� AND THE���

ANALYZED VALUE AT THE CENTER OF THE STORM HAS DECREASED TO ��� H0A� REDUCING THE OBSERVATION
ANALYSIS DEPARTURE���

CALCULATED FROM ��#2V�C BY HALF� 3INCE THE )"4R!#3 REPORTS WERE AVAILABLE AND ASSIMILATED INTO ��#2V�C AND ��#2V����

BEGINNING ON � !UGUST ����� THIS HURRICANE EVOLVED AND STRENGTHENED CONTINUOUSLY IN TIME IN BOTH VERSIONS OF ��#2 �NOT���

SHOWN�	 &OR COMPARISON� THE %2!
��# QUALITY CONTROL REJECTED THE )"4R!#3 OBSERVATIONS �&IG� ��C	 AND ANALYZED A LOW���

PRESSURE SYSTEM THAT IS WEAKER THAN THAT OF ��#2V�C AND HAS A MISALIGNED CENTER� 4HE #%2!
��# SYSTEM ALSO REJECTED���

THE )"4R!#3 OBSERVATIONS� BUT ADDITIONALLY ASSIGNED LARGER ERRORS TO THE NEARBY STATION DATA THAN %2!
��# �,ALOYAUX���

ET AL�� ����	� THEREBY SHOWING NO TRACE OF THE STORM �&IG� ��D	� ,ALOYAUX ET AL� �����	 CONDUCTED EXPERIMENTS WITH THE���

#%2!
��# SYSTEM IN WHICH THIS TYPE OF OBSERVATION WAS WHITE
LISTED� AND FOUND THIS YIELDED BETTER PERFORMANCE THAN���

#%2!
��# FOR TWO HURRICANES IN ���� AND ���� �THEIR &IG� �	����
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7HILE THE CHANGES FROM THE VERSION �C SYSTEM TO THE VERSION � SYSTEM HAVE RESULTED IN MANY IMPROVEMENTS ACROSS���

THE BOARD� THERE ARE SEVERAL REMAINING ISSUES IN ��#2V� AS WELL AS NEW QUESTIONS THAT HAVE ARISEN� &OR INSTANCE� RECALL���

�&IGURE �	 THE PRECIPITATION BIASES THAT HAVE STRENGTHENED IN ��#2V�� PARTICULARLY THE APPEARANCE OF A DOUBLE )4#: AND���

THE OVERESTIMATION OF GLOBAL PRECIPITATION RATES RELATIVE TO '0#0� 4HE 3OUTHERN (EMISPHERE CON�DENCE�ELDS �&IGURE �	���

ALSO DEMONSTRATE THAT THERE IS SOME REMAINING LARGE UNCERTAINTY OVER !NTARCTICA �THOUGH THESE AREAS ARE RELATIVELY���

SMALL	� DESPITE TESTS THAT LED TO ADJUSTING THE IN�ATION PARAMETER IN THE 3OUTHERN (EMISPHERE����

&IGURE � AND &IGURE ��A
B DEMONSTRATE ANOTHER POTENTIAL ISSUE WITH THE 3OUTHERN (EMISPHERE� A HIGH PRESSURE���

BIAS OVER !NTARCTICA� &IGURE � SHOWS THAT THE ���� ANNUAL AVERAGE SEA LEVEL PRESSURE OVER !NTARCTICA IN ��#2V� IS���

SEVERAL H0A HIGHER THAN THE ��#2V�C MODERN CLIMATOLOGY� AND THIS ANOMALY IS LARGER IN ��#2V� THAN IT WAS IN ��#2V�C����

&IGURE �� DEMONSTRATES THAT ��#2V� ALSO DISPLAYS THIS HIGH PRESSURE BIAS IN A MODERN DIFFERENCE CALCULATED WITH RESPECT���

TO %2!
)NTERIM� (OWEVER� THE STRONG DIFFERENCE RELATIVE TO %2!
)NTERIM IS MAINLY OVER THE !NTARCTIC LANDMASS� WHICH HAS���

A FAIRLY HIGH TOPOGRAPHY� SO THE SEA LEVEL PRESSURE�ELD IS LIKELY NOT AN APPROPRIATE VARIABLE TO CONSIDER WHEN DIAGNOSING���

THE MASS OR CIRCULATION�ELD OF THIS REGION� )NDEED� THE 3,0 DIFFERENCE WITH *2!
�� �&IG� ��C
D	 HAS THE OPPOSITE SIGN IN���

THIS REGION����

! THIRD 3OUTHERN (EMISPHERE ISSUE� REGARDING A TREND IN SUB
!NTARCTIC SEA LEVEL PRESSURE� WAS�RST BROUGHT TO LIGHT���

DURING AN INVESTIGATION OF %2!
��# �0OLI ET AL�� ����� ����	 AND IS DEMONSTRATED IN &IGURE ��� 4HIS�GURE SHOWS THE���

SEASONAL TIME SERIES OF SEA LEVEL PRESSURE AREA
AVERAGED POLEWARD OF ��� 3 FOR ��#2V�C �BLUE	� %2!
��# �GREEN	� #%2!
���

��# �GOLD	� AND %2!
)NTERIM �ORANGE	� AS WELL AS DATA FROM AN ENSEMBLE OF MODEL SIMULATIONS USING THE ��#2V�C SYSTEM���

BUT THAT DID NOT ASSIMILATE ANY OBSERVATIONS �äNO $!å� RED	 AND PRELIMINARY ��#2V� DATA FOR THE TEST PERIODS ����
��������

����
����� AND ����
���� �BLACK	� %2!
��# HAS A HIGH PRESSURE BIAS SOUTH OF �� � 3 IN THE EARLY ��TH CENTURY THAT IS���

PARTICULARLY STRONG IN AUSTRAL SUMMER �GREEN CURVE IN &IG� ��A BETWEEN ���� AND ����	� #OMPARISONS WITH ��#2V�C���

SHOW THAT IT HAS A SIMILAR BIAS AS %2!
��# IN OTHER SEASONS� BUT A WEAKER BIAS THAN %2!
��# IN $EC
*AN
&EB� 4HERE IS A���

DROP AND SUBSEQUENT INCREASE IN 3,0 FROM ��#2V�C IN ALL SEASONS �MOST NOTABLY IN 3EPT
/CT
.OV	 FROM ����
��������

WITH ANOTHER SIGNI�CANT DROP
OFF BETWEEN ���� AND ����� 4HE PRELIMINARY ��#2V� DATA AGREES WITH THE ��#2V�C DATA���

FOR THE MOST PART� THOUGH THE EARLY ��TH CENTURY -ARCH
!PRIL
-AY 3,0 HAS BEEN DIMINISHED� )N ALL SEASONS� THOUGH� THE���

MODERN ��#2V� 3,0 IS STILL ABOUT � H0A LOWER THAN THE EARLY ��TH CENTURY 3,0����

%2!
��# AND THE ��#2 DATASETS USED ENTIRELY DIFFERENT MODELS AND ASSIMILATION METHODS BUT SHOW SIMILAR TRENDS����

WHICH SUGGESTS THE CULPRIT IS IN THE OBSERVATIONS� 0OLI ET AL� �����	 AND ,ALOYAUX ET AL� �����	 ASSERT THAT THE PROBLEM���

WAS CAUSED NOT BY A BIAS IN THE OBSERVATIONS� BUT BY THE SPATIAL PATTERN OF OBSERVATIONS AT THIS TIME IN THE 3OUTHERN���

(EMISPHERE� )N PARTICULAR� MOST OF THE OBSERVATIONS ARE LOCATED IN THE SUBTROPICAL HIGH
PRESSURE BELT� THE POSITIVE���

INCREMENTS FROM ASSIMILATING THESE OBSERVATIONS WERE COMMUNICATED TO THE UNOBSERVED� AND THUS UNCONSTRAINED����

REGION FARTHER SOUTH� 4HEY ARGUE THAT THIS IS CAUSED BY OBSERVATION ERRORS THAT ARE TOO SMALL IN %2!
��#� THUS IN���

#%2!
��#� LARGER OBSERVATION ERRORS WERE ASSIGNED IN THIS TIME PERIOD� 4HIS HAS SIGNI�CANTLY DECREASED THE TREND IN 3,0���

FROM #%2!
��# IN ALL SEASONS �GOLD CURVES IN &IG� ��	� THOUGH IT REMAINS SOMEWHAT IN $*&� WHEN THE BIAS IN %2!
��#���

WAS MOST OBVIOUS� (EGERL ET AL� �����	 POINT OUT THE (AD#254� TEMPERATURE DATASET �-ORICE ET AL�� ����	 ALSO EXHIBITS���

ANOMALOUSLY COLD 334S DURING THE YEARS ����
���� IN THE 3OUTHERN /CEAN �THEIR &IG� �C	� POSSIBLY DUE TO INSTRUMENTAL���

BIASES OR UNCERTAINTIES IN THE SEA ICE�ELDS� INVESTIGATIONS INTO THIS ISSUE AND POSSIBLE CONNECTIONS WITH THE 3,0 SIGNALS IN���

&IG� �� ARE ONGOING����
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7ITH THE GROWING NEED TO UNDERSTAND AND PREDICT CLIMATE AND EXTREME WEATHER VARIATIONS ON DECADAL TO CENTENNIAL���

TIMESCALES� THE USE OF HISTORICAL REANALYSES CONTINUES TO EXPAND IN AREAS SUCH AS ASSESSMENTS OF LONG
TERM CLIMATE���

CHANGE� INVESTIGATIONS OF EXTREME EVENTS� AND DETAILED HISTORIES OF WEATHER� )T IS� THEREFORE� BECOMING MORE IMPORTANT���

THAT THESE REANALYSES BE RELIABLE� BOTH IN THEIR STATE ESTIMATES AND THEIR QUANTI�CATION OF UNCERTAINTY� 5SERS MUST���

RECOGNIZE WHEN AND WHERE HISTORICAL REANALYSES CAN BE CON�DENTLY UTILIZED� AND WHEN CAUTION SHOULD BE TAKEN �OR A���

DIFFERENT DATASET CHOSEN	� 4HIS WORK SEEKS TO ILLUMINATE PARTICULAR ASPECTS OF ��#2V�C THAT REQUIRE CAREFUL CONSIDERATION����

THE WAYS IN WHICH THESE ISSUES INFORMED THE DEVELOPMENT OF THE ��#2V� SYSTEM� AND PARTICULAR ASPECTS OF ��#2V� THAT���

SHOW PRELIMINARY IMPROVEMENTS OVER ��#2V�C����

4HE 4WENTIETH #ENTURY 2EANALYSIS VERSION �C IMPROVED UPON SEVERAL ISSUES DISCOVERED IN THE PREVIOUS ./!!
���

#)2%3 HISTORICAL REANALYSIS� ��#2V�� BUT OTHER PROBLEMS REMAINED� 4HEY PROVIDED SPECI�C FOCUS AREAS WHEN DEVELOPING���

THE ./!!
#)2%3
$/% ��#2V� SYSTEM� )NDEED� MANY OF THE ISSUES IN ��#2V�C DISCUSSED HERE HAVE BEEN AMELIORATED���

IN ��#2V� DUE TO A COMBINATION OF FACTORS� A NEWER .#%0 '&3 FORECAST MODEL WITH HIGHER RESOLUTION� IMPROVED DATA���

ASSIMILATION ALGORITHMS� OBSERVATION PROCESSING� AND QUALITY CONTROL� AND AN UPDATED )30$ OBSERVATION DATABASE� 3EVERAL���

OTHER ISSUES WITH ��#2V�C EXIST THAT HAVE NOT BEEN DISCUSSED HERE� INCLUDING SPINUP EFFECTS IN SEA ICE THICKNESS� SNOW���

DEPTH� AND SOIL MOISTURE� AND BIASES IN THE UPPER
STRATOSPHERIC TEMPERATURES� SOME OF THESE ISSUES ARE REDUCED IN���

��#2V� AND WILL BE DISCUSSED IN FUTURE WORK����

0RELIMINARY RESULTS WITH THE ��#2V� DATASET ARE QUITE PROMISING� THOUGH THEY ARE ALREADY HIGHLIGHTING AREAS FOR���

FUTURE RESEARCH� PARTICULARLY IN THE ä$EEP 3OUTHå OF THE 3OUTHERN (EMISPHERE� 4HE CON�DENCE IN THAT REGION REMAINS���

TOO LOW� FURTHER WORK REGARDING THE RELAXATION
TO
PRIOR
SPREAD IN�ATION ALGORITHM IN THIS REGION MAY BE NECESSARY TO���

INCREASE THE CON�DENCE TO MORE REALISTIC VALUES� ! LARGER SET OF AVAILABLE OBSERVATIONS IN THIS REGION WOULD ALSO INCREASE���

THE CON�DENCE �RECALL &IGURE �	� MOTIVATING GREATER DATA RESCUE EFFORTS HERE� 'ATHERING HIGH
QUALITY OBSERVATIONS IN���

THESE SPARSELY
OBSERVED REGIONS REMAINS A CHALLENGE WITHIN THE DATA RESCUE COMMUNITY �!LLAN ET AL�� ����� "RµNNIMANN���

ET AL�� ����	� BUT NEW DATA RESCUE EFFORTS �3OUTHERN7EATHER$ISCOVERY�ORG	 ARE BEGINNING TO ADDRESS THIS� -ORE DATA���

ARE ALSO NEEDED IN OTHER SPARSELY
OBSERVED REGIONS� AS WELL AS GLOBALLY IN THE EARLY ��TH CENTURY� /THER DATA RESCUE���

EFFORTS �INCLUDING !#2% ACTIVITIES� 7EATHER2ESCUE�ORG� THE #OPERNICUS #LIMATE #HANGE 3ERVICE 3OUTH !MERICA DATA���

RESCUE PROJECT� AND THE 5+�#HINA #LIMATE 3CIENCE FOR 3ERVICE 0ARTNERSHIP	 HAVE THE POTENTIAL TO SIGNI�CANTLY ADD TO THE���

OBSERVATIONAL DATABASE IN THESE REGIONS����

$ESPITE SOME REMAINING CHALLENGES WITH ��#2V�� THERE ARE EARLY SUGGESTIONS THAT THIS DATASET WILL BE USEFUL���

FOR STUDIES IN WHICH ��#2V�C REQUIRED MORE CAUTIOUS ANALYSIS� FOR EXAMPLE� TROPICAL CYCLONES SEEM TO SHOW MUCH���

STRONGER SIGNALS IN ��#2V� THAN IN ��#2V�C� 4HIS SUGGESTS THAT ��#2V� MAY BE USED FOR VALIDATING ONGOING HISTORICAL���

TROPICAL CYCLONE RESEARCH THAT EXTENDS )"4R!#3 BACK IN TIME �$IAMOND ET AL�� ����	� AND FOR CORROBORATING PARTIAL OR���

DISCONTINUOUS STORM TRACK INFORMATION �E�G� WHEN STORM SYSTEMS PASSED CLOSE TO ISLANDS OR SHIPS�	 5TILIZING AN UPDATED���

IN�ATION ALGORITHM ALSO ALLOWS FOR MORE CONSISTENT STUDIES OF LONG
TERM TRENDS AND UNCERTAINTY� WHERE ��#2V�C���

EXHIBITED ARTI�CIAL SIGNALS DUE TO ABRUPT PARAMETER CHANGES����

3INCE THE PROCESS OF CREATING HISTORICAL REANALYSES IS A CONTINUOUS CYCLE OF IMPROVEMENT� WE ARE ALREADY LOOKING���

AHEAD TO FURTHER UPGRADES TO THE ��#2 SYSTEM� )N PARTICULAR� .#%0 HAS RECENTLY SIGNI�CANTLY UPDATED THEIR GLOBAL���

FORECAST SYSTEM WITH A�NITE VOLUME� CUBED SPHERE MODEL �(ARRIS AND ,IN� ����	 �PRELIMINARY DOCUMENTATION AVAILABLE���

AT HTTPS���VLAB�NCEP�NOAA�GOV�WEB�FV�GFS�	� THE CHANGES RESULTING FROM THIS MODEL VERSUS THE PREVIOUS SPECTRAL MODEL���

NEED TO BE INVESTIGATED� 2ECENT INVESTIGATIONS INTO COUPLED DATA ASSIMILATION ALGORITHMS� AND THE�RST IMPLEMENTATION OF���

A QUASI
STRONGLY COUPLED DATA ASSIMILATION ALGORITHM IN #%2!
��# �,ALOYAUX ET AL�� ����	� SUGGEST THAT FUTURE VERSIONS���

OF ��#2 COULD BENE�T FROM COUPLED SYSTEMS� &INALLY� WHILE ALL VERSIONS OF ��#2 SO FAR HAVE ONLY ASSIMILATED SURFACE���
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PRESSURE� THE POSSIBILITY OF ASSIMILATING OTHER TYPES OF DATA �SUCH AS MARINE WINDS� SEA ICE OBSERVATIONS� OR PRECIPITATION	���

SEEMS TO BE MORE FEASIBLE AS DATA ASSIMILATION ALGORITHMS CONTINUE TO MATURE����

! # + . / 7 , % $ ' % - % . 4 3���

3UPPORT FOR THE 4WENTIETH #ENTURY 2EANALYSIS 0ROJECT IS PROVIDED BY THE 0HYSICAL 3CIENCES $IVISION OF THE ./!! %ARTH���

3YSTEM 2ESEARCH ,ABORATORY� THE 53 $EPARTMENT OF %NERGY� /F�CE OF 3CIENCE� /F�CE OF "IOLOGICAL AND %NVIRONMENTAL���

2ESEARCH �"%2	� AND BY THE .ATIONAL /CEANIC AND !TMOSPHERIC !DMINISTRATION �./!!	 #LIMATE 0ROGRAM /F�CE� 4HIS���

RESEARCH USED RESOURCES OF THE .ATIONAL %NERGY 2ESEARCH 3CIENTI�C #OMPUTING #ENTER �.%23#	� A 5�3� $EPARTMENT OF���

%NERGY /F�CE OF 3CIENCE 5SER &ACILITY OPERATED UNDER #ONTRACT .O� $%
!#��
��#(������ 3OME COMPUTING WAS ALSO���

PERFORMED ON ./!!åS 2EMOTELY $EPLOYED (IGH 0ERFORMANCE #OMPUTING 3YSTEMS����

0� "ROHANåS �5+ -ET /F�CE	 EXTENSIVE WORK ON )#/!$3 AND ON THE MARINE BIAS CORRECTION ALGORITHM USED IN ��#2V����
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,� 3RNEC �#ROATIAN -ETEOROLOGICAL AND (YDROLOGICAL 3ERVICE	� -� 4OLSTYKH �(YDROMETCENTRE OF 2USSIA	� .� 7ESTCOTT���

�-IDWESTERN 2EGIONAL #LIMATE #ENTER	� AND 0� 7OODWORTH �.ATIONAL /CEANOGRAPHY #ENTRE	� )"4R!#3 DATA ARE COURTESY���

OF +� +NAPP �./!!�.#%)	� 0� ,ALOYAUX �%#-7&	 IS THANKED FOR DISCUSSIONS REGARDING TROPICAL CYCLONE REPRESENTATION����

4HE EFFORTS OF THE .#!2 $ATA %NGINEERING AND #URATION 3ECTION� ESPECIALLY $� 3CHUSTER� 2� #ONROY� AND #�
&� 3HIH ARE���

ACKNOWLEDGED� 4HE TECHNICAL SUPPORT OF THE )4 GROUP OF THE ./!! %ARTH 3YSTEM 2ESEARCH ,ABORATORY 0HYSICAL 3CIENCES���

$IVISION IS ACKNOWLEDGED� 0ARTIAL SUPPORT FROM 3WISS2E AND COLLABORATION WITH 0� :IMMERLI IS ACKNOWLEDGED� #OMMENTS���

FROM !� 3HLYAEVA �#)2%3�./!!	 ON AN EARLIER VERSION IMPROVED THIS MANUSCRIPT����

*� +ENNEDY WAS SUPPORTED BY THE -ET /F�CE (ADLEY #ENTRE #LIMATE 0ROGRAMME FUNDED BY "%)3 AND $EFRA� -����

"RUNET ACKNOWLEDGES #OPERNICUS #LIMATE #HANGE 3ERVICE �#�3	� $ATA 2ESCUE 3ERVICE �$23	 �#ONTRACT CODE� !44���

����� &%.)8� 4�����3	� *� 'ERGIS WAS FUNDED BY !USTRALIAN 2ESEARCH #OUNCIL 0ROJECT $%���������� %� (AWKINS WAS���

SUPPORTED BY THE 5+ .ATIONAL #ENTRE FOR !TMOSPHERE 3CIENCE� !� +APLAN ACKNOWLEDGES THE ���� GRANT FROM THE ,$%/���
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���� â ���� ���� ���� ����

���� â ���� ���� ���� ����

���� â ���� ���� ���� ����
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���� â ���� ���� ���� ����

.(� .ORTHERN (EMISPHERE� 3(� 3OUTHERN
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& ) ' 5 2 % � 4IME SERIES OF ENSEMBLE SPREAD �THICK DARK BLUE CURVE	 AND TEMPORAL SPREAD OF THE ENSEMBLE MEAN �THIN
LIGHT BLUE CURVE	 FOR SEA LEVEL PRESSURE FROM ��#2V�C AVERAGED OVER THE ZONAL BAND FROM ��� 3 TO �� � 3� .UMBER OF
OBSERVATIONS ASSIMILATED PER �
HOUR WINDOW IN THIS REGION IS SHOWN IN RED �RIGHT HAND AXIS	� ! �
YEAR RUNNING AVERAGE
WAS APPLIED TO ALL CURVES� #ORRELATIONr IS CALCULATED BETWEEN THE SMOOTHED ENSEMBLE SPREAD AND THE SMOOTHED
LOGARITHM OF THE NUMBER OF ASSIMILATED OBSERVATIONS� .OTABLE YEARS ARE EMPHASIZED WITH VERTICAL LINES AND SHADING� SEE
TEXT FOR DETAILS�
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& ) ' 5 2 % � -APS OF THE ADAPTIVE IN�ATION PARAMETER� i nf �UNITLESS	 USED IN THE ��#2V� SYSTEM FOR ���� 54# ON �
3EPT IN �A	 ����� �B	 ����� �C	 ����� AND �D	 ����� ! VALUE OF � CORRESPONDS TO NO IN�ATION� .OTE THE RELATIONSHIP OF� i nf

WITH THE OBSERVATION NETWORK DENSITY�
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& ) ' 5 2 % � -APS OF NORMALIZED CON�DENCE OF 3,0 AVERAGED OVER *&- FOR ����
���� FROM �A	 ��#2V�C AND �B	
��#2V�� AS WELL AS �C	 THE DIFFERENCE ���#2V� MINUS ��#2V�C	� )N �A	
�B	� ZERO �BLACK CONTOUR	 REPRESENTS CLIMATOLOGICAL
UNCERTAINTY� BLUE REPRESENTS LESS CERTAINTY THAN CLIMATOLOGY� AND RED REPRESENTS MORE CERTAINTY� )N �C	� RED REPRESENTS AN
INCREASE IN CON�DENCE FROM ��#2V�C TO ��#2V�� AND BLUE A DECREASE�
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& ) ' 5 2 % � 4IME SERIES OF ANNUALLY
AVERAGED GLOBAL 3,0 FROM SEVERAL REANALYSES� AS WELL AS A NON
ASSIMILATING
ENSEMBLE OF MODEL RUNS�
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& ) ' 5 2 % � -APS OF ANALYZED SEA LEVEL PRESSURE ANOMALIES �WITH RESPECT TO THE ANALYZED ��#2V�C ����â����
CLIMATOLOGY	 FOR ����â���� OF �A	 ��#2V�C AND �B	 AN IDENTICAL EXPERIMENT WITH THE ��#2V�C SYSTEM THAT ASSIMILATED
��� FEWER SHIP OBSERVATIONS�
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& ) ' 5 2 % � -APS OF THE YEAR ���� ANNUALLY
AVERAGED SEA LEVEL PRESSURE ANOMALY �WITH RESPECT TO THE ����
����
CLIMATOLOGY	 OF �A	 ��#2V�C �WITHOUT DRY AIR MASS SPECI�CATION	� �B	 PRELIMINARY VERSION � TESTS WITHOUT SHIP BIAS
CORRECTION �WITH DRY AIR MASS SPECI�CATION	� AND �C	 PRELIMINARY VERSION � TESTS WITH SHIP BIAS CORRECTION �WITH DRY AIR
MASS SPECI�CATION	�
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& ) ' 5 2 % � -APS OF THE YEAR ���� ANNUALLY
AVERAGED DIFFERENCES �MM DAY�‚ 	 BETWEEN �
� HOUR FORECASTED
PRECIPITATION RATE AND �
� HOUR FORECASTED PRECIPITATION RATE IN �A	 ��#2V�C �WHICH USES THE DIGITAL�LTER	 AND �B	
��#2V� �WHICH USES THE )!5 INSTEAD OF THE DIGITAL�LTER	� )N A PERFECT SYSTEM� THESE DIFFERENCES WOULD BE APPROXIMATELY
ZERO�
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& ) ' 5 2 % � -APS OF THE YEAR ���� ANNUALLY
AVERAGED FORECASTED PRECIPITATION RATE �MM DAY�‚ 	 IN �A	 ��#2V�C� �B	
��#2V�� AND �C	 THE '0#0 SATELLITE�GAUGE BLENDED�ELDS�
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& ) ' 5 2 % � � -APS OF THE YEAR ���� ANNUAL AVERAGE OF ��
METER MERIDIONAL WIND�ELDS �TOP ROW� MS�‚ 	 AND SURFACE
OROGRAPHY�ELDS �BOTTOM ROW� M	 FROM ��#2V�C �LEFT	 AND ��#2V� �RIGHT	� 4HE ���� M AND ���� M CONTOURS HAVE BEEN
PLOTTED IN YELLOW IN �C	 AND �D	� WITH THE ���� M CONTOUR LABELED�

Page 42 of 48Quarterly Journal of the Royal Meteorological Society

1
2
3
4
5
6
7
8
9
10
11
12
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
55
56
57
58
59
60



For Peer R
eview

�� , !52! #� 3 ,)6).3+) %4 !, �

& ) ' 5 2 % � � ,OCALIZATION VALUES �KM	 FOR ALL OBSERVATIONS ASSIMILATED IN ��#2V� AT ���� 54# ON � *UNE FOR THE
YEARS �A	 ����� �B	 ����� �C	 ����� AND �D	 ����� .OTE THAT COMPARABLE PLOTS FOR ��#2V�C WOULD CONSIST ENTIRELY OF LIGHT
ORANGE CIRCLES �LOCALIZATION VALUE OF ���� KM	�
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& ) ' 5 2 % � � 4IME SERIES OF ACTUAL �SOLID	 AND EXPECTED �DASHED	 ANNUAL� RST
GUESS 2-3 ERRORS FOR OBSERVATIONS
ASSIMILATED IN ��#2V�C �BLUE	 AND ��#2V� �BLACK	 AVERAGED OVER �A	 THE .ORTHERN (EMISPHERE ���� . TO �� � .	� �B	 THE
TROPICS ���� 3 TO �� � .	� AND �C	 THE 3OUTHERN (EMISPHERE ���� 3 TO �� � 3	�
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& ) ' 5 2 % � � !NNUAL AVERAGE STATION PRESSURE BIASES �H0A	 FOR ���� �TOP ROW	� ���� �CENTER ROW	� AND ���� �BOTTOM
ROW	� CALCULATED FROM ��#2V�C �LEFT	 AND ��#2V� �RIGHT	�
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& ) ' 5 2 % � � -APS OF THE YEAR ���� ANNUALLY
AVERAGED SEA LEVEL PRESSURE DIFFERENCES �H0A	 BETWEEN �A	 ��#2V�C
AND %2!
INTERIM� �B	 ��#2V� AND %2!
INTERIM� �C	 ��#2V�C AND *2!
��� AND �D	 ��#2V� AND *2!
��� -APS ARE PLOTTED
ON APPROXIMATELY A ���� BY ���� � GRID�
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& ) ' 5 2 % � � -APS OF THE YEAR ���� ANNUALLY
AVERAGED ��� H0A GEOPOTENTIAL HEIGHT DIFFERENCES �M	 BETWEEN �A	
��#2V�C AND %2!
INTERIM� �B	 ��#2V� AND %2!
INTERIM� �C	 ��#2V�C AND *2!
��� AND �D	 ��#2V� AND *2!
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& ) ' 5 2 % � � 3EA LEVEL PRESSURE �ORANGE CONTOURS� INTERVAL BY � H0A	 AND WIND�ELDS �VECTORS� MS�‚ 	 FOR THE ����
'ALVESTON HURRICANE� �� !UG ���� ����54#� FROM �A	 ��#2V�C� �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 THAT WERE ASSIMILATED�
AND OPEN CIRCLES DENOTE OBSERVATIONS THAT WERE REJECTED�

Page 48 of 48Quarterly Journal of the Royal Meteorological Society

1
2
3
4
5
6
7
8
9
10
11
12
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
55
56
57
58
59
60



For Peer R
eview

�� , !52! #� 3 ,)6).3+) %4 !, �

& ) ' 5 2 % � � 4IME SERIES OF SEASONAL SEA LEVEL PRESSURE POLEWARD OF ��� 3 FROM ��#2V�C �BLUE	� %2!
��# �GREEN	�
#%2!
��# �GOLD	� %2!
)NTERIM �ORANGE	� A NON
ASSIMILATING MODEL RUN USING THE ��#2V�C SYSTEM �RED	� AND PRELIMINARY
��#2V� DATA WITHOUT CON�DENCE INTERVALS �BLACK	� 3HADING REPRESENTS ONE ENSEMBLE STANDARD DEVIATION WHEN AVAILABLE�
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