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SHRUB AND GRASS
DOMINATED SITES WERE MORE IMPORTANT DURING THE MONSOON� 7E PROPOSE A
RANGE OF HYPOTHESES FOR WHY MODEL '00 DOES NOT RESPOND SUFFICIENTLY TO CHANGING WATER
AVAILABILITY THAT CAN SERVE AS A GUIDE FOR FUTURE DRYLAND $'6- DEVELOPMENTS� /UR ANALYSIS
SUGGESTS THAT IMPROVEMENTS IN MODELING # CYCLE PROCESSES ACROSS MORE THAN A QUARTER OF THE
%ARTH�S LAND SURFACE COULD BE ACHIEVED BY ADDRESSING THE MOISTURE SENSITIVITY OF DRYLAND #
UPTAKE�

�� )NTRODUCTION

4ERRESTRIAL ECOSYSTEMS ACT AS A GLOBAL SINK OF CAR

BON� #� ABSORBING ∼��� OF ANTHROPOGENIC EMIS

SIONS� (OWEVER� PROJECTIONS OF THE FUTURE FATE OF THIS
LAND # SINK ARE UNCERTAIN ;�=� 4O IMPROVE OUR PRE

DICTIONS OF WHETHER THE LAND WILL REMAIN A SINK OF
#� WE NEED TO BETTER UNDERSTAND HOW TERRESTRIAL #
CYCLE RELATED PROCESSES RESPOND TO CLIMATE VARIABIL

ITY� 3EVERAL STUDIES HAVE EXAMINED WHICH PROCESSES�
AND WHICH REGIONS� ARE CONTRIBUTING MOST TO NET
#/� FLUX �E�G� NET ECOSYSTEM EXCHANGE�.%%	 INTER

ANNUAL VARIABILITY �)!6	 ;�n�=� !NALYSES OF ATMO

SPHERIC #/� INVERSIONS� SATELLITE DATA� AND DYNAMIC
GLOBAL VEGETATION MODEL �$'6-	 SIMULATIONS INDIC

ATE THAT DRYLAND ECOSYSTEMS DOMINATE BOTH THE TREND
AND )!6 IN THE GLOBAL # SINK DUE TO THE SENSITIV

ITY OF VEGETATION GROWTH TO CHANGES IN WATER AVAIL

ABILITY ;�n��=� 7HILE WELL
TESTED IN MESIC ECOSYS

TEMS ;��n��=� $'6-S �WHICH OFTEN FORM THE LAND
COMPONENT OF EARTH SYSTEM MODELS� %3-S� USED IN
)0## CLIMATE CHANGE PROJECTIONS	 HAVE BEEN RARELY
TESTED AGAINST NET #/� FLUX DATA FROM DRYLAND REGIONS
�THOUGH SEE ;��n��= FOR EVALUATIONS OF MODELED GROSS
#/� UPTAKE	� $'6-S HAVE PERFORMED POORLY IN
COMPARISON TO SATELLITE
BASED OBSERVATIONS OF SEA

SONAL TO DECADAL TRENDS IN DRYLAND VEGETATION DYNAM

ICS ;��n��=� SUGGESTING THAT $'6- ESTIMATES OF GROSS
#/� UPTAKE �AND THEREFORE NET #/� EXCHANGE	MAY BE
INACCURATE�

-ODEL EVALUATION AND TESTING OF GROSS AND NET
#/� FLUXES IS NEEDED TO ENSURE DRYLAND # CYCLE PRO

CESSES ARE WELL REPRESENTED IN $'6-S BEFORE THEY CAN
BE RELIABLY USED TO PREDICT THE ROLE OF DRYLAND ECO

SYSTEMS IN THE GLOBAL # CYCLE� $RYLAND ECOSYSTEMS
ENCOMPASS A WIDE RANGE OF ECOSYSTEMS FROM SEMI

ARID FORESTS TO SHRUBLANDS� SAVANNAS AND GRASSLANDS
;��=� !T INTRA
 TO INTER
ANNUAL TIMESCALES� VARIABILITY
IN DRYLAND # FLUXES IS MOSTLY CAUSED BY VARIABILITY IN
CLIMATE DRIVERS ;�� ��=� 5NLIKE MESIC SYSTEMS� THE TIM

ING OFMOISTURE INPUTS STRONGLY CONTROLS '00 ;��� ��=�
THEREFORE� DRYLAND ECOSYSTEM INFLUENCE ON THE GLOBAL
# CYCLE )!6MAY BEMEDIATED THROUGH THEIR HIGH SENS

ITIVITY TOMOISTURE AVAILABILITY ;�� �� ��=� -ODEL FAILURE
TO CAPTURE DRYLAND # FLUXES COULD RESULT FROM MIS

SPECIFICATION OF METEOROLOGICAL DRIVERS OR POOR PER

FORMANCE DURING CRITICAL PRECIPITATION SEASONS ;��=�
4ODATE� THEMOISTURE SENSITIVITY OF# FLUXES IN$'6-S
HAS NOT BEEN WELL TESTED AT WATER
LIMITED DRYLAND
SITES�

! NETWORK OF �� LONG RUNNING� EDDY COVARIANCE
!MERIFLUX FLUX TOWER SITES SPANNING GRASSLAND� SHRUB�
AND FORESTED ECOSYSTEMS IN THE SEMI
ARID SOUTHWEST

ERN 53 �HEREAFTER� 37 53	 ;��� TABLE 3� AND FIGURE
3�!= PROVIDES A RARE OPPORTUNITY TO EVALUATE A SUITE
OF $'6-S AT DRYLAND SITES DOMINATED BY CHANGING
WATER AVAILABILITY� )N THIS STUDY� WE USED THIS NET

WORK OF SITES TO EVALUATE SEASONAL AND ANNUAL .%%
AND GROSS #/� FLUXES �GROSS PRIMARY PRODUCTIVITY�
'00� TOTAL ECOSYSTEM RESPIRATION� 2ECO� AND EVAPO

TRANSPIRATION� %4	 SIMULATED BY �� PROCESS
BASED
$'6-S AGAINST IN SITU FLUX TOWER DATA� 3IMULATIONS
FROM THE �� $'6-S WERE TAKEN FROM THE 42%.$9
MODEL INTERCOMPARISON PROJECT �-)0	 ;��=� HTTPS���
SITES�EXETER�ACUK�TRENDY	 VERSION �� WHICH CONTRIB

UTED TO THE 'LOBAL #ARBON 0ROJECT�S ANNUAL 'LOBAL
#ARBON "UDGET ;��=� /UR PRIMARY OBJECTIVE WAS TO
EVALUATE� ��	 WHETHER THE MODELS COULD REPRODUCE
THE OBSERVED ANNUAL NET #/� FLUX �.%%	 DYNAM

ICS ACROSS THIS RANGE OF DRYLAND SITES� 4HE FINAL THREE
OBJECTIVES OF OUR STUDY WERE DESIGNED TO DIAGNOSE
THE CAUSES OF ANY DISCREPANCIES IN MODELED DRYLAND
ANNUAL .%%� -ORE SPECIFICALLY� WE AIMED TO DETERM

INE� ��	 WHETHER MODEL
DATA DISCREPANCIES COULD BE
ALLEVIATED BY RUNNING A $'6-WITH SITE
LEVEL FORCING
AND VEGETATION AND SOIL CHARACTERISTICS�� ��	WHICH SEA

SONS� ANDWHICH OF THE GROSS#/� FLUXES� WERE RESPONS

IBLE FOR MODEL DISCREPANCIES IN PREDICTING DRYLAND
MEAN ANNUAL .%% AND ITS VARIABILITY� AND WHETHER THE
SEASON AND GROSS #/� FLUX RESPONSIBLE WAS DIFFERENT
FOR HIGH ELEVATION FORESTED SITES VERSUS LOW ELEVATION
SHRUB AND GRASSLAND SITES�� AND ��	 WHETHER INCORRECT
MODEL SENSITIVITY TO CLIMATE DRIVERS� AND PARTICULARLY
THOSE RELATED TO MOISTURE AVAILABILITY� IS CAUSING THE
DISCREPANCIES IN THE KEY SEASONS AND GROSS #/� FLUXES
IDENTIFIED IN ��	� 4HE ANALYSIS ASSOCIATED WITH THE LAST
OBJECTIVE ALLOWS US TO EVALUATE WHICH # CYCLE RELATED
PROCESSES MAY NEED IMPROVEMENT BEFORE $'6-SPT
CAN BE USED FOR RELIABLY PREDICTING THE ROLE OF DRYLAND
ECOSYSTEMS IN THE GLOBAL # CYCLE�

�� -ATERIALS ANDMETHODS

���� 3OUTHWESTERN 53 SEMI
ARID SITES
7E EVALUATED THE 42%.$9 V� MODELS AGAINST NET
AND GROSS #/� FLUXES FROM �� SEMI
ARID !MERI

&LUX SITES IN THE 37 53 THAT SPANS TREE� SHRUB� AND
GRASS DOMINATED SITES AND ELEVATIONS RANGING FROM
∼��� M TO ∼���� M �!MERI&LUX .ETWORK� ����

 FIGURE 3�! AND SEE TABLE 3� �AVAILABLE ONLINE AT

�

https://sites.exeter.acuk/trendy
https://sites.exeter.acuk/trendy
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STACKS�IOP�ORG�%2,�����������MMEDIA	 FOR INFORM

ATION ON VEGETATION AND SOIL CHARACTERISTICS FOR EACH
SITE PLUS OBSERVATION TIME PERIOD AND SITE $/)	
;��=� 4HIS PART OF THE 37 53 IS WITHIN THE .ORTH
!MERICAN -ONSOON REGION� THEREFORE� THESE SITES
TYPICALLY EXPERIENCE MUCH OF THEIR RAINFALL DURING
*ULY TO /CTOBER� PRECEDED BY A HOT� DRY PERIOD IN
-AY AND *UNE �;��= FIGURES ��D	n�F		� 4HE LOWER
ELEVATION �!���� M	 #� SHRUB
 AND #� GRASS

DOMINATED SITES HAVE MEAN ANNUAL TEMPERATURES OF
�� ◦#n�� ◦# AND ARE PREDOMINANTLY DRIVEN BY SUM

MER MONSOON PRECIPITATION� HOWEVER� WINTER AND
SPRING RAINS CAN ALSO CONTRIBUTE TO MORE EPHEMERAL
SPRING GROWING SEASONS AT THESE SITES ;��� ��� ��� ��=�
4HE HIGH ELEVATION �"���� M	 FORESTED �CONIFER	
SITES EXPERIENCE COOLER MEAN ANNUAL TEMPERATURES OF
��� ◦#� AND ALSO HAVE BI
MODAL GROWING SEASONS
WITH AVAILABLE MOISTURE COMING FROM WINTER PRE

CIPITATION AND SUMMER MONSOON RAINFALL ;��� ��=�
3ITES ARE CATEGORIZED THROUGHOUT BASED ON THEIR MEAN
ANNUAL .%% �SEE FIGURE 3�"	� (IGH ELEVATION FOREST

DOMINATED SITES �53
6CM� 53
6CP� 53
-PJ� 53
&UF�
53
7JS AND 53
3ES	 ARE A MEAN ANNUAL SINK OF #�
WHEREAS LOW ELEVATION SHRUB
 AND GRASS
DOMINATED
SITES �53
7KG� 53
32'� 53
3EG� 53
32- AND 53

7HS	 @PIVOT� BETWEEN BEING A MEAN ANNUAL # SINK
OR SOURCE� DEPENDING ON ANNUAL WATER AVAILABILITY
�FIGURE 3�"	� /NE LOW ELEVATION GRASSLAND SITE IS A
MEAN ANNUAL SOURCE OF # TO THE ATMOSPHERE �53
!UD	
;��=�

���� )N SITU #/� AND WATER FLUX DATA PROCESSING AND
ANALYSIS
%DDY COVARIANCE FLUX TOWER INSTRUMENTS AT ALL SITES
COLLECT HALF
HOURLY MEASUREMENTS OF SURFACE ENERGY
FLUXES AND .%%� .%% WAS PARTITIONED INTO '00 AND
2ECO BY EACH SITE 0)� 'ROSS #/� FLUXES �'00 AND 2ECO	
WERE CALCULATED FROM THE NET #/� FLUX USING THE RELA

TIONSHIP BETWEEN NIGHTTIME .%% AND TEMPERATURE
;��=� .OTE THAT IN THIS STUDY A NEGATIVE .%% IMPLIES
A NET #/� UPTAKE INTO THE ECOSYSTEM� %DDY COVARI

ANCE LATENT HEAT FLUX DATA WERE PROCESSED TO PROVIDE
EVAPOTRANSPIRATION �%4	� %4 GAPS WERE FILLED USING A
MODIFIED LOOK
UP TABLE APPROACH BASED ON ;��=� WITH
%4 PREDICTED FROM METEOROLOGICAL CONDITIONS WITHIN
A � D MOVING WINDOW� 7E CALCULATED SEASONAL #/�

AND WATER FLUXES BY SUMMING THE DAILY FLUXES FOR THE
FOLLOWING MONTHS� .OVEMBER TO &EBRUARY INCLUSIVE
FOR THE COOL �WINTER	 PERIOD� -ARCH TO *UNE HOTTER
PRE
MONSOON �SPRING	 PERIOD� AND *ULY TO /CTOBER
FOR THE MONSOON� .OTE THAT THE SPRING COULD BE FUR

THER SPLIT INTO THE WARM� MOIST MONTHS OF -ARCH AND
!PRIL FOLLOWED BY THE HOTTER� DRIER MONTHS OF -AY
AND *UNE� HOWEVER� THIS ENTIRE PERIOD IS MARKED BY
RELATIVELY WARM AND DRY� MOISTURE LIMITED CONDITIONS
COMPARED WITH THE WINTER OR MONSOON� 4O DETERMINE
WHICH SEASONS AND GROSS #/� FLUXES MAY BE RESPONS

IBLE FOR UNDERESTIMATE IN .%% )!6� WE EXAMINED THE
2� VALUES OBTAINED FROM THE LINEAR REGRESSION BETWEEN

THE OBSERVED ANNUAL AND SEASONAL # FLUXES AND THE
ANNUAL .%%�

���� 42%.$9-)0 V�MODELS AND SIMULATION
PROTOCOL
3ECTION ����� AND TABLES � AND !� IN ;��� AND REF

ERENCES THEREIN= PROVIDE DETAILS ON THE �� $'6-S
PARTICIPATING IN 42%.$9 V�� AS WELL AS A DESCRIPTION
OF THE 42%.$9 -)0 V� PROTOCOL� INCLUDING FORCING
DATA� SIMULATION SET
UP� VEGETATION MAP� ATMOSPHERIC
#/� CONCENTRATION DATA AND LAND USE CHANGE �,5#	
DATASETS USED� 3IMULATED VARIABLES WERE DOWNLOADED
FROM HTTPS���SITES�EXETER�ACUK�TRENDY�� 4HE MODELS
WERE FORCED BY MONTHLY #25 OR THE MERGED � HOURLY
#25n*2!
�� CLIMATE REANALYSIS DATASETS AT ���× ���◦

RESOLUTION THAT START IN THE YEAR ���� AND HAVE BEEN
UPDATED TO ���� ;��=� 4HE PROTOCOL WAS AS FOLLOWS�
�A	 FIRST A SPINUP WAS PERFORMED BY CYCLING THE CLI

MATE FORCING OVER THE ����n���� PERIOD WITH A FIXED
GLOBAL 0&4 MAP AND ATMOSPHERIC #/� CONCENTRA

TION LEVEL FROM THE YEAR ���� ������� PPM	� �B	 A
TRANSIENT SIMULATION FROM ���� TO ���� WITH CHAN

GING ATMOSPHERIC #/� BASED ON PROXY AND MEAS

URED DATA� TRANSIENT LAND
USE CHANGES� AND CYCLING OF
CLIMATE FORCING OVER ����n����� AND �C	 A HISTORICAL
SIMULATION WITH CLIMATE FORCING FROM ���� TO ����
WITH CHANGING ATMOSPHERIC #/�� NITROGEN DEPOSITION
�IF USED	 AND LAND
USE CHANGES �3� SIMULATION	� 4HE
SPINUP IS RUN TO ENSURE THE # STOCKS REACH EQUI

LIBRIUM� WHICH CAN BE A DIFFERENT TIME PERIOD FOR
EACH MODEL BUT EFFECTIVELY ALLOWS FOR SEVERAL THOU

SAND SIMULATION YEARS� !TMOSPHERIC #/� CONCENTRA

TIONS ARE BASED ON ICE
CORE PROXY DATA �PRE
����	
AND MEASURED ATMOSPHERIC MOLE FRACTION DATA FROM
THE -AUNA ,OA AND 3OUTH 0OLE /BSERVATORY STATIONS
�POST
����	 PROVIDED BY THE ./!! %ARTH 3YSTEM
2ESEARCH ,ABORATORY ;���SECTION �����=� 4HE MOD

ELS EITHER PRESCRIBE STATIC 0&4 FRACTIONS PER GRID CELL
OR SIMULATE DYNAMIC VEGETATION CHANGES OVER LONG
TIMESCALES �ANNUAL TO MILLENNIAL	� HOWEVER� HISTOR

ICAL ,5# IS IMPOSED IN THE MODELS� ,5# IS BASED ON
GROSS LAND USE TRANSITIONS FROM THE LAND USE HARMON

IZATION V� �,5(�	 DATASET ;��= AND NET TRANSITIONS
FROM THE (9$% �(ISTORY $ATABASE OF THE 'LOBAL
%NVIRONMENT	 V��� ;��=� %ACH MODELING GROUP HAS
ITS OWN PROTOCOL FOR MERGING THIS ,5# DATA WITH
THEIR OWN 0&4 DESCRIPTIONS� )NDIVIDUAL MODELING
GROUPS ALSO USE THEIR OWN EXPERT JUDGMENT FOR SETTING
THEIR MODEL PARAMETER VALUES� OTHER REQUIRED FORCING
DATA STREAMS� AND SOIL TEXTURE AND PERMEABLE DEPTH
INFORMATION� -ODEL GRID CELLS CORRESPONDING TO EACH
SITE LOCATION WERE EXTRACTED FROM THE GLOBAL SIMULA

TIONS FOR OUR ANALYSIS�

���� /2#()$%%$'6- SITE SIMULATION SET
UP
4YPICALLY� MODEL
DATA DISCREPANCIES ARE EXPECTED
WHEN COMPARING COARSE GRID �∼��× �� KM	 SCALE CLI

MATE REANALYSIS FORCING DATA USED IN 42%.$9 MODEL
SIMULATIONS AGAINST IN SITU OBSERVATIONS� WHICH ARE

�

https://stacks.iop.org/ERL/16/094023/mmedia
https://sites.exeter.acuk/trendy/
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REPRESENTATIVE OF AN AREA OF ∼�n� KM�� 4HEREFORE�
WE TESTED WHETHER SCALE MISMATCH WAS RESPONSIBLE
FOR MODEL
DATA MISFITS BY RUNNING THE /2#()$%%
V��� $'6- �EQUIVALENT TO @/2#()$%% V���� USED
IN 42%.$9 V�	 WITH SITE
BASED METEOROLOGICAL FOR

CING� VEGETATION FRACTIONAL COVER AND TYPE� AND SOIL
TEXTURE FRACTIONS �HEREAFTER REFERRED TO AS /2#(

)$%%?3, FOR @SITE LEVEL�	� -ETEOROLOGICAL FORCING DATA
USED TO RUN THE /2#()$%%?3, SIMULATIONS FOR EACH
OF THE �� SITES INCLUDED � M AIR TEMPERATURE AND SUR

FACE PRESSURE� PRECIPITATION� INCOMING LONG AND SHORT

WAVE RADIATION� WIND SPEED� AND SPECIFIC HUMIDITY�
4HESE DATA WERE DOWNLOADED FROM THE !MERI&LUX
DATA PORTAL FOR EACH SITE �HTTP���AMERIFLUX�LBL�GOV	�
4HE METEOROLOGICAL FORCING DATA WERE GAP
FILLED USING
DOWNSCALED AND CORRECTED %2!
)NTERIM REANALYSIS
DATA ;��=� )N SITU MEASURED PRECIPITATION WAS PARTI

TIONED INTO RAINFALL AND SNOWFALL USING A TEMPERAT

URE THRESHOLD OF � ◦#� 7E FOLLOWED THE SAME PROTOCOL
FOR THE SITE SIMULATIONS THAT WAS USED IN 42%.$9 V�
�SEE SECTION ���	� WITH THE FOLLOWING EXCEPTIONS� �A	 WE
PERFORMED AN ANALYTICAL ��� YEAR SPINUP ;��= BY CYC

LING OVER THE AVAILABLE GAP
FILLED FORCING DATA FOR EACH
SITE �TABLE 3�	 FOLLOWED BY THE TRANSIENT AND HISTORICAL
SIMULATIONS� AND �B	 PLANT FUNCTIONAL TYPES �0&4	 AND
SOIL TEXTURE FRACTIONS AND MAXIMUM ,!) WERE PRE

SCRIBED IN THE MODEL BASED ON THE CURRENT DATA AND
LITERATURE FOR EACH SITE AND DID NOT CHANGE DURING THE
SPINUP� TRANSIENT OR HISTORICAL SIMULATIONS �TABLE 3�	�

���� -ODEL EVALUATION ANALYSIS
3EVERAL DIFFERENT METRICS ARE USED TO EVALUATE THE
MODEL ANNUAL .%%� '00 AND 2ECO� INCLUDING MEAN
BIAS ERROR �-"%	� THE SLOPE OF THE LINEAR REGRES

SION BETWEEN MODEL AND OBSERVATIONS� COEFFICIENT OF
DETERMINATION AND CONCORDANCE CORRELATION �ρC	 ;��=�
"EYOND OUR INITIAL EVALUATION OF THE MODELS� ANNUAL
.%% USING STANDARD MODEL EVALUATION METRICS� WE
EXPANDED OUR ANALYSIS IN THE FOLLOWING THREE ADDI

TIONAL STEPS� &IRST� WE EXAMINED THE MEAN BIAS ERROR
�-"%	 AND BIAS CONTRIBUTION TO THE MEAN SQUARED
DEVIATION �-3$�SEE BELOW FOR -3$ DECOMPOSI

TION METHOD	 BETWEEN MODELED AND OBSERVED .%%�
'00 AND 2ECO TO DIAGNOSE FACTORS CAUSING MODEL DIS

CREPANCIES IN MEAN ANNUAL .%% AT THE # SINK AND
SOURCE SITES� 3ECOND� WE ANALYZED THE SLOPE OF THE LIN

EAR RELATIONSHIP BETWEEN MODEL AND OBSERVATIONS� AS
WELL AS THE MEAN SQUARED VARIATION �-36	 CONTRI

BUTIONS TO THE -3$ �INCLUDING PHASE AND VARIANCE
COMPONENTS�SEE BELOW	� TO IDENTIFY WHAT IS CAUS

ING MODELS� FAILURE TO CAPTURE .%% )!6� 4HE ANA

LYSES IN THESE TWO STEPS WERE PERFORMED AT SUB
ANNUAL
TIMESCALES IN ORDER TO DETERMINE WHICH SEASONS� AND
WHICH OF THE GROSS #/� FLUXES� ARE RESPONSIBLE FOR
MODEL
DATA DISCREPANCIES IN ANNUAL .%%� THUS� THESE
TWO STEPS WERE INTENDED TO ADDRESS OBJECTIVE � OUT

LINED IN THE INTRODUCTION� &INALLY� FOR THE KEY SEA

SONS CONTROLLING DISCREPANCIES .%% )!6 WE TESTED
WHETHER THE MODELS CAPTURED #/� FLUX RESPONSE

TO VARIABILITY IN A RANGE OF CLIMATE DRIVERS AND
MEASURES OF WATER AVAILABILITY �INCLUDING OBSERVED
AIR TEMPERATURE� PRECIPITATION �RAINFALL AND SNOW

FALL	� VAPOR PRESSURE DEFICIT �60$	� SOIL MOISTURE� AND
EVAPOTRANSPIRATION� %4	 GIVEN THAT VARIABILITY IN THESE
DRIVERS IS A DOMINANT CONTROL ON INTRA
 TO INTERANNUAL
# FLUX VARIABILITY ;�� ��=� 4HIS FINAL STEP WAS DESIGNED
TO ADDRESS OBJECTIVE � OF OUR STUDY� 7E INCLUDED AN
EVALUATION OF THE SENSITIVITY OF # FLUXES TO MEASURED
%4 AS A PROXY OF PLANT WATER AVAILABILITY BECAUSE IN
WATER
LIMITED ECOSYSTEMS� %4 IS A MORE INTEGRATED
METRIC OF PLANT WATER AVAILABILITY �AS OPPOSED TO SOIL
MOISTURE OR PRECIPITATION	 ;��� ��= BECAUSE PLANTS
HAVE DEVELOPED A RANGE OF STRATEGIES FOR DEALING WITH
LIMITED WATER AVAILABILITY� INCLUDING THE ABILITY TO CAP

TURE WATER FROM EITHER DEEP OR LATERAL ROOT SYSTEMS�
4HUS� %4 ACCOUNTS FOR WATER INPUTS� RUNOFF LOSSES
AND CHANGES IN SOIL MOISTURE OR SNOWPACK STORAGE� AS
WELL AS DIFFERENCES IN PLANT STOMATAL REGULATION AND
OTHER VEGETATION CHARACTERISTICS THAT AFFECT THE ENERGY
BALANCE� !NOTHER ADVANTAGE OF USING %4 IS THAT IT IS
MEASURED AT THE SAME TEMPORAL SCALE� OVER THE SAME
FLUX FOOTPRINT� AND BY THE SAME INSTRUMENTS AS .%%�
WHEREAS SOIL MOISTURE IS MEASURED DIFFERENTLY AT EVERY
SITE�

7E PARTITIONED -3$ BETWEEN THE MODEL AND
THE OBSERVATIONS INTO BIAS� PHASE� AND VARIANCE
COMPONENTS ;��=�

-3$=
�

N

N∑

I=�

(XI − YI)
� = (X̄− Ȳ)

+
�

N

N∑

I=�

[(XI − X̄)− (YI − Ȳ)]� ��	

WHERE X IS THE MODEL ESTIMATE AND Y IS THE OBSER

VATIONS� 7E CALCULATED A SEPARATE -3$ FOR EACH OF
THE 42%.$9 MODELS AND EACH VARIABLE OF INTEREST
�E�G� .%% AND '00	� 4HE FIRST TERM ON THE RIGHT
HAND
SIDE OF EQUATION ��	 REPRESENTS THE SQUARED BIAS� 4HE
SECOND TERM REPRESENTS THE-36� 4HE-36 REPRESENTS
THE ABILITY OF THE MODEL TO SIMULATE VARIABILITY ABOUT
THE MEAN� 4HE -36 CAN BE FURTHER PARTITIONED INTO
PHASE AND VARIANCE COMPONENTS�

-36=
(
σX −σY

)�
+ �σXσY (�−2) ��	

WHEREσ IS THE STANDARD DEVIATION AND2 IS THE CORRELA

TION COEFFICIENT BETWEEN THE MODEL AND OBSERVATIONS�
4HE FIRST TERM ON THE RIGHT
HAND SIDE IN EQUATION ��	
INDICATES THE DIFFERENCE BETWEEN THEMODEL AND OBSER

VATIONS IN THE MAGNITUDE OF VARIABILITY �I�E� THE VARI

ANCE COMPONENT� OR IN THE MAGNITUDE OF THE VARI

ATIONS	 ;��� ��=� 4HE SECOND TERM ON THE RIGHT
HAND
SIDE OF EQUATION ��	 REPRESENTS A LACK OF CORRELA

TION WEIGHTED BY STANDARD DEVIATIONS ;��=� THUS� THIS
FINAL TERM CAN BE THOUGHT OF AS A DIFFERENCE IN PHASE
BETWEEN THE MODEL AND OBSERVATION ;��=� 4HE CON

TRIBUTIONS OF INDIVIDUAL COMPONENTS TO THE OVERALL
-3$ �OR -36	 ARE CALCULATED BY DIVIDING THE BIAS�

�
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&IGURE �� 0ANEL �!	� 3CATTER PLOTS COMPARING MODELED ANNUAL .%% AT EACH SITE TO OBSERVATIONS FOR EACH 42%.$9 V� $'6- �SEE
TABLE 3� FOR OBSERVATION PERIOD	 WITH LINEAR REGRESSION TRENDLINES INCLUDED� .EGATIVE .%% VALUES INDICATE A CARBON SINK� )DEALLY� ALL
POINTS�WHETHER A SINK� SOURCE OR PIVOT SITE�SHOULD LIE ON THE ��� GREY DASHED DIAGONAL LINE WITH A REGRESSION SLOPE OF � �I�E�
VERTICAL DASHED LINE IN �"		 IF THE MODELS CAPTURE )!6 WELL� 3ITES �SITE DESCRIPTIONS IN TABLE 3�	 ARE ORDERED ACCORDING TO MEAN
ANNUAL .%% �FIGURE 3�"	 FROM SINK �53
6CM	 TO SOURCE �53
!UD	� 4RIANGLES DEPICT TREE DOMINATED SITES� CROSSES DEPICT
SHRUB
DOMINATED SITES AND PLUS SIGNS DEPICT GRASS
DOMINATED SITES� 2ED AND ORANGE COLORS SHOW THE HIGH ELEVATION
MOSTLY
FORESTED SINK SITES� YELLOW� GREEN AND BLUE COLORS SHOW THE LOW ELEVATION SHRUB AND GRASS DOMINATED MOSTLY PIVOT SITES�
0ANEL �"	� "OXPLOTS OF THE SLOPE OF THE LINEAR REGRESSION BETWEEN MODELED AND OBSERVED ANNUAL .%% ACROSS ALL SITES FOR EACH
42%.$9 $'6-� 4HE VERTICAL BLACK DASHED LINE SHOWS THE IDEAL SLOPE OF �� AND THE GREY DASHED LINE SHOWS A SLOPE OF ZERO�

PHASE� AND VARIANCE BY THE -3$ �OR -36	� 7E CALCU

LATED ALL THE ABOVEMETRICS AT BOTH ANNUAL AND SEASONAL
TIMESCALES�

�� 2ESULTS

���� %VALUATION OF $'6- ANNUAL .%%
!CROSS ALL SITES� THE $'6-S GENERALLY UNDERESTIMATE
THE MEAN ANNUAL .%% �AS SEEN BY MODEL VALUES
CLUSTERING AROUND A Y
AXIS VALUE OF ��� IN FIGURE ��A	
INSTEAD OF ON THE ��� LINE� MEDIAN SLOPE VALUES OF �
IN FIGURE ��B	� AND HIGH MEAN BIAS ERRORS� -"%� IN
FIGURE 3��A		� 4HEMODELS ONLY SIMULATE A WEAK # SINK
OR SOURCE� IRRESPECTIVE OF THE STRENGTH OF THE OBSERVED
SINK�SOURCE� 3IMILARLY� THE MAJORITY OF MODELS UNDER

ESTIMATE THE MAGNITUDE OF .%% )!6 AND FAIL TO CAP

TURE THE CORRECT )!6 SIGN �AS SEEN BY SLOPES $� IN
FIGURES ��A	 AND �B	� GREEN AND WHITE COLORS IN FIGURE
3��B	� 2� VALUES$� IN FIGURE 3��C	 AND CONCORDANCE
CORRELATION� ρC� ���� IN FIGURE 3��D		�

$ECOMPOSITION OF THE ANNUAL .%% -3$ INTO
ITS COMPONENT PARTS �SEE SECTION ���	 ALLOWS US TO
DETERMINE WHETHER THE -3$ IS DOMINATED BY THE
MEAN BIAS VERSUS MODEL INABILITY TO CAPTURE THE VARI

ABILITY ABOUT THEMEAN �I�E� HIGH-36	� 4HE HIGH ELEV

ATION # SINK SITES HAVE THE STRONGEST POSITIVE BIASES
�MODEL MINUS OBSERVATIONS	 IN ANNUAL .%% �-"%
OF ���n��� G #M−� YR−��FIGURE 3��A		� WHILE THE
MEAN # SOURCE SITE �53
!UD	 HAS A NEGATIVE -"%�
,OW ELEVATION PIVOT SITES HAVE LOW BIASES BECAUSE THEIR

MEAN ANNUAL .%% IS CLOSE TO ZERO� "IASES THEREFORE
DOMINATE THEMEAN SINK AND SOURCE SITE CONTRIBUTIONS
TO -3$ �BIAS CONTRIBUTION TO -3$ � ��� IN FIGURE
3��A		� WHEREAS THE PIVOT SITES ARE DOMINATED BY
MODEL INABILITY TO CAPTURE VARIABILITY ABOUT THE MEAN
�PHASE PLUS VARIANCE CONTRIBUTIONS TO -3$ � ����
FIGURES 3��B	 AND �C		� !CROSS ALL SITES� MODELS� INAB

ILITY TO REPLICATE THE ANNUAL VARIABILITY IS GENER

ALLY MORE RELATED TO INACCURATE PHASE RATHER THAN
MODEL FAILURE TO CAPTURE THE MAGNITUDE OF FLUCTU

ATIONS �VARIANCE COMPONENT	 �CF FIGURES 3��C	 WITH
3��B	 ALTHOUGH THERE IS CONSIDERABLE SPREAD ACROSS
MODELS�

���� 3ITE
BASED /2#()$%%$'6-.%%
SIMULATIONS AND EVALUATION
4HE SITE
LEVEL SIMULATIONS WITH /2#()$%% V��� �SEE
SECTION ���	 YIELD A SIMILAR PICTURE� /2#()$%%?3,
UNDERESTIMATED MEAN ANNUAL .%% AND THE MAG

NITUDE OF THE .%% )!6 AT ALL SITES �FIGURE 3��A		� 'IVEN
MOST OF THE MODELS HAVE SIMILAR REPRESENTATIONS OF
THE MAIN # CYCLE PROCESSES �SEE ;��= AND REFERENCES
THEREIN	� WE SUGGEST THAT THESE SITE LEVEL SIMULATIONS
WITH /2#()$%% V��� DEMONSTRATE THAT INACCURATE
FORCING OR VEGETATION AND SOIL CHARACTERISTICS ARE LIKELY
NOT THE CAUSE OF $'6- UNDERESTIMATES IN MEAN
ANNUAL .%% AND )!6� THEREFORE� WE NEED TO ANALYZE
THE MODELS FURTHER TO DETERMINE THE ROOT CAUSES OF
THESE MODEL
DATA DISCREPANCIES� 4HE MEDIAN SLOPE OF
REGRESSION BETWEEN SIMULATED AND OBSERVED ANNUAL

�
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&IGURE �� "OX AND WHISKER PLOTS OF THE MEAN BIAS ERROR �-"%	 BETWEEN SIMULATED AND OBSERVED NET AND GROSS #/� FLUXES SPREAD
ACROSS ALL 42%.$9 V� $'6-S �N= ��	 FOR EACH SITE AT ANNUAL AND SEASONAL TIMESCALES� 4HE -"% IS THE MEAN OF THE DIFFERENCES
FOR EACH TIMEPOINT �OR ALTERNATIVELY� THE DIFFERENCE IN THE MEANS	� -"% IS CALCULATED AS MODEL MINUS OBSERVATIONS� THEREFORE� FOR
.%%� UNDERESTIMATES IN .%% AT THE SINK SITES RESULT IN POSITIVE -"%S BECAUSE .%% IS NEGATIVE FOR NET #/� UPTAKE AT SINK SITES�
WHEREAS AT THE # SOURCE SITE� UNDERESTIMATES IN .%% RESULT IN NEGATIVE -"%S� &OR BOTH '00 AND 2ECO� UNDERESTIMATES RESULT IN
NEGATIVE -"%S �AND VICE VERSA FOR OVERESTIMATES	� !NNUAL UNITS ARE G #M−� YR−� AND SEASONAL UNITS ARE G #M−� MONTH−��
3EASONAL FLUXES ARE SUMMED OVER THE FOLLOWING MONTHS� .OVEMBER TO &EBRUARY INCLUSIVE FOR THE COOL �WINTER	 PERIOD� -ARCH TO
*UNE PRE
MONSOON �SPRING	 PERIOD� AND *ULY TO /CTOBER FOR THE SUMMER MONSOON GROWING SEASON� 3ITES �SITE DESCRIPTIONS IN TABLE
3�	 ARE ORDERED ACCORDING TO MEAN ANNUAL .%% �FIGURE 3�"	 FROM SINK �53
6CM	 TO SOURCE �53
!UD	�

.%% WAS ���� FOR BOTH /2#()$%%?3, AND /2#(

)$%% V��� IN 42%.$9 V�� ALBEIT WITH DIFFERENCES
ACROSS SITES� WITH A RANGE FROM −���� TO ��� FOR THE
SITE LEVEL SIMULATIONS AND −����n���� FOR 42%.$9�
3IMILARLY� THE MEDIAN 2� WAS ��� FOR BOTH SITE LEVEL
AND /2#()$%%?3, AND /2#()$%% 42%.$9 SIM

ULATIONS� WITH A RANGE FROM ���� TO ���� FOR /2#(

)$%%?3, AND �����n��� FOR 42%.$9� )N BOTH COARSE
GRID AND SITE
LEVEL SIMULATIONS� THE STRONGEST BIASES
WERE SEEN AT HIGH # SINK �AND SOURCE	 SITES �FIGURE 3�	�
4HE MEDIAN SLOPE OF REGRESSION BETWEEN SIMULATED
AND OBSERVED ANNUAL .%% WAS ���� FOR BOTH /2#(

)$%%?3, AND /2#()$%% 42%.$9� ALBEIT WITH DIF

FERENCES ACROSS SITES �FIGURE 3�	� 3IMILARLY� THE MEDIAN
2� WAS ��� FOR BOTH SITE LEVEL AND /2#()$%%?3, AND
/2#()$%% 42%.$9 SIMULATIONS�

���� 3EASONAL AND GROSS #/� FLUX CONTRIBUTIONS TO
MODEL
DATA DISCREPANCIES IN MEAN ANNUAL .%% AND
)!6
4O DIAGNOSE THE PROCESSES THAT ARE RESPONSIBLE FOR
MODEL
DATA DISCREPANCIES� WE EXAMINED THE SEASONAL
AND GROSS #/� FLUX CONTRIBUTIONS TO BIASES IN
THE MEAN ANNUAL .%%� 3EPARATING ANNUAL NET AND
GROSS FLUXES INTO COMPONENT SEASONAL FLUXES �SEE
SECTION ���	 ALLOWS US TO IDENTIFY THAT MODEL UNDER

ESTIMATES OF MEAN ANNUAL .%% AT SINK AND SOURCE
SITES �POSITIVE AND NEGATIVE .%% -"%S� RESPECTIVELY	
ARE MOST CLEARLY ASSOCIATED WITH BIASES IN SPRING
.%% �CF FIGURES ��A	 AND �C		� WITH THE EXCEPTION
OF 53
6CM �STRONGEST SINK SITE	� FOR WHICH BIASES
DURING THE SUMMER MONSOON .%% ALSO PLAY A KEY
ROLE �FIGURE ��D		� #OMPARING THE MODEL TO OBSERVED

�
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&IGURE �� "OX AND WHISKER PLOTS SHOWING THE MEDIAN AND SPREAD ACROSS MODELS �N= ��	 FOR EACH SITE OF �A	 THE -36S
CONTRIBUTION TO '00 -3$ IN THE SPRING �BLUE BOXES	 AND MONSOON �YELLOW BOXES	� AND �B	 THE SLOPE OF THE LINEAR REGRESSION
BETWEEN MODELED AND OBSERVED SPRING AND MONSOON '00� 4HE VERTICAL DASHED GREY LINE SEPARATES THE HIGH ELEVATION FORESTED SINK
SITES �53
6CM� 53
6CP� 53
-PJ� 53
&UF� 53
7JS	 AND THE LOW ELEVATION SHRUB AND GRASS DOMINATED �MOSTLY PIVOT	 SITES �53
3ES�
53
7KG� 53
32'� 53
3EG� 53
32-� 53
7HS� 53
!UD	� 4HE -36 CONTRIBUTION SHOWN IN �A	 COMPRISES BOTH THE VARIANCE AND
PHASE CONTRIBUTIONS� 3EE FIGURE 3� FOR A BREAKDOWN INTO THESE TWO COMPONENTS OF THE -3$� 3EE SECTION ��� FOR MORE DETAIL ON THE
-3$ DECOMPOSITION INTO BIAS AND -36� AND FURTHER INTO DECOMPOSITION OF -36 INTO PHASE AND VARIANCE COMPONENTS� 5NITS ARE
G #M−� MONTH−�� 3PRING AND MONSOON FLUXES ARE SUMMED OVER THE FOLLOWING MONTHS� -ARCH TO *UNE FOR THE HOT SPRING
�PRE
MONSOON	 PERIOD� AND *ULY TO /CTOBER FOR THE MONSOON� 3ITES �SITE DESCRIPTIONS IN TABLE 3�	 ARE ORDERED ACCORDING TO MEAN
ANNUAL .%% �FIGURE 3�"	 FROM SINK �53
6CM	 TO SOURCE �53
!UD	�

GROSS #/� FLUXES WE SEE THAT AT HIGH ELEVATION SITES
�53
6CM� 53
6CP� 53
-PJ� 53
&UF� AND� TO A LESSER
EXTENT� 53
7JS	� THE UNDERESTIMATE IN SPRING .%%
�POSITIVE -"%S	 ARE MOSTLY DUE TO AN UNDERESTIM

ATE IN SPRING '00 �RATHER THAN AN OVERESTIMATE IN
2ECO�FIGURE ��C		� )N THE SUMMER MONSOON GROW

ING SEASON� BOTH '00 AND 2ECO ARE UNDERESTIMATED
BY MOST MODELS �FIGURE ��D		� WHICH RESULTS IN MON

SOON .%% -"% VALUES CLOSER TO ZERO �EXCEPT FOR
53
6CM	� 4HE NEGATIVE -"% IN ANNUAL .%% AT 53

!UD �UNDERESTIMATE IN THE STRENGTH OF THE MEAN #
SOURCE	 ACROSS ALL MODELS IS ASSOCIATED WITH THE NEG

ATIVE BIASES IN WINTER AND SPRING �FIGURES ��B	 AND
�C		� 4HE MODELS FAIL TO CAPTURE THE EARLIER RISE IN 2ECO

THAN '00 IN THE WINTER AND SPRING AT 53
!UD� FOL

LOWED BY A LATER INCREASE IN '00� )NSTEAD� ALL MOD

ELS HAVE ALMOST THE SAME MEAN SEASONAL TRAJECTORY IN
BOTH '00 AND 2ECO �FIGURE 3�L	� (OWEVER� 53
!UD
WAS STILL RECOVERING FROM A FIRE THAT OCCURRED IN ����
UNTIL LATE ���� ;��=� %VEN IF THE MODELS CONTAIN REP

RESENTATIONS OF WILDFIRE� THESE SCHEMES GENERALLY CAP

TURE BROAD SPATIAL FIRE PATTERNS AND ARE NOT LIKELY TO

CAPTURE SPECIFIC FIRES AT ONE FLUX TOWER SITE� THEREFORE�
IT IS UNLIKELY THAT THE ���� FIRE AT 53
!UD WAS COR

RECTLY SIMULATED� POSSIBLY EXPLAINING MODEL DISCREP

ANCIES IN WINTER AND SPRING '00 AND 2ECO� &INALLY�
WE NOTE THAT PARTITIONING OF .%% INTO THE COMPON

ENT OF GROSS #/� FLUXES IS SUBJECT TO UNCERTAINTIES ;��=
THAT LIKELY IMPACT THE ABSOLUTE MAGNITUDE OF THE #
FLUXES�

0RELIMINARY MODEL EVALUATION SHOWED THAT THERE
WAS NO CLEAR DISTINCTION BETWEEN SEASONS OR GROSS #/�

FLUXES IN TERMS OF THE MODELS� ABILITY TO CAPTURE .%%
)!6� 4HE MODELS DID NOT CAPTURE .%% )!6 WELL IN
ANY SEASON� OR IN EITHER OF THE GROSS #/� FLUXES �LOW
SLOPE VALUES� AND HIGH -36 CONTRIBUTIONS TO -3$
ACROSS ALL SEASONS AND FLUXES�FIGURE 3�	� 4HEREFORE�
TO FOCUS OUR MODEL EVALUATION ANALYSIS INTO ONLY THE
SEASONS AND GROSS #/� FLUXES THAT ARE CRUCIAL FOR CON

TROLLING .%% )!6� WE PERFORMED A SITE
BY
SITE ANA

LYSIS OF THE MEASURED FLUX DATA� 4HIS ANALYSIS INDIC

ATED THAT OUR MODEL )!6 EVALUATION EFFORTS SHOULD
FOCUS ON SPRING '00 AT THE HIGH ELEVATION SITES� AND
MONSOON '00 AT THE LOW ELEVATION SITES �FIGURE 3�

�
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&IGURE �� "OXPLOTS OF THE SLOPE OF THE LINEAR RELATIONSHIP BETWEEN MONTHLY SIMULATED '00 AND MONTHLY OBSERVED %4 �HERE USED A
PROXY FOR THE '00 RESPONSE TO CHANGING PLANT WATER AVAILABILITY	 FOR EACH MODEL �BLUE BOXES	 AND THE SLOPE OF THE LINEAR
RELATIONSHIP BETWEEN OBSERVED '00 AND OBSERVED %4 �RED BOX	 ACROSS �A	 ALL HIGH ELEVATION �"���� M	 FORESTED SINK SITES
�53
6CM� 53
6CP� 53
-PJ� 53
&UF� 53
7JS	 DURING THE SPRING �-ARCH TO *UNE� INCLUSIVE	� AND �B	 ALL LOW ELEVATION �!���� M	
SHRUB AND GRASS PIVOT AND SOURCE SITES �53
3ES� 53
7KG� 53
32'� 53
3EG� 53
32-� 53
7HS� 53
!UD	 DURING THE MONSOON
�*ULY TO /CTOBER� INCLUSIVE	� 'REY DASHED LINE SHOWS THE MEDIAN OBSERVED '00�%4 SLOPE ACROSS EACH SET OF SITES�

AND SEE CAPTION FOR MORE INFORMATION	� -ODELS� FAIL

URE TO CAPTURE VARIABILITY IN SPRING '00 AT HIGH ELEV

ATION FOREST SITES �BLUE BARS IN FIGURE �	� AND VARIAB

ILITY IN MONSOON '00 ACROSS ALL LOW ELEVATION GRASS

AND SHRUB
DOMINATED SITES �ORANGE BARS IN FIGURE �	�
ARE THE PREDOMINANT CAUSES OF THEIR INABILITY TO REP

LICATE OBSERVED .%% )!6� (IGH ELEVATION SITES TEND
TO HAVE LOWER SLOPES DURING THE SPRING THAN THE LOW
ELEVATION PIVOT SITES �EXCLUDING 53
!UD AS A # SOURCE
SITE�FIGURE ��A	 CF BLUE BARS TO LEFT OF VERTICAL GREY
DASHED LINE FOR HIGH ELEVATION SITES COMPARED TO THOSE
ON THE RIGHT FOR LOW ELEVATION SITES	� 3IMILARLY� THE
SPRING '00 VARIANCE AND PHASE COMPONENTS OF THE
-3$ �I�E� THE -36 CONTRIBUTION TO -3$	 ARE GEN

ERALLY LARGER AT THE HIGHER ELEVATION SINK SITES THAN AT
THE LOWER ELEVATION SITES �FIGURE ��B		� 7E NOTE THAT A
HIGHER -36 CONTRIBUTION TO -3$ INDICATES A POORER
MODEL PERFORMANCE IN CAPTURING VARIABILITY IN '00�
$URING THE MONSOON THERE IS GENERALLY LESS DIFFERENTI

ATION IN '00 SLOPE VALUES BETWEEN HIGH AND LOW ELEV

ATION SITES �FIGURE ��A	 YELLOW BARS	� -ONSOON '00
SLOPES TEND TO BE LOW �����	 ACROSS ALL SITE SIMULA

TIONS� ALTHOUGH A FEW EXCEPTIONS EXIST� ,08 AND$,%-

HAVE '00 SLOPES CLOSE TO � ACROSS AT MOST SITES� WHILE
/2#()$%% V��� GENERALLY HAS ROBUST '00 SLOPE VAL

UES FOR THE LOW ELEVATION SITES� AND ,0* FOR THE HIGH
ELEVATION SITES �FIGURE 3�	� 4HE -36 CONTRIBUTION TO
MONSOON '00 -3$ IS MUCH HIGHER �I�E� POORER PER

FORMANCE FOR '00 VARIABILITY	 FOR LOW ELEVATION SITES
�AND MUCH HIGHER THAN IN THE SPRING�CF YELLOW BARS
TO THE RIGHT OF THE VERTICAL DASHED LINE IN FIGURE ��B	
FOR THE LOW ELEVATION SITES COMPARED TO THOSE ON THE
LEFT OF THE LINE FOR THE HIGH ELEVATION SITES	� $IFFERENCES
IN VARIANCE BETWEEN THE MODEL AND OBSERVATIONS ARE
MORE RESPONSIBLE FOR LACK OF SPRING '00 VARIABILITY
�HIGH SPRING -36	 AT HIGH ELEVATION SINK SITES �FIGURE
3��A		� WHEREAS PHASE DIFFERENCES DOMINATE BOTH THE
SPRING AND MONSOON '00 VARIABILITY AT LOW ELEVATION
PIVOT SITES �FIGURE 3��B		�

���� %VALUATION OF '00 SENSITIVITY TO CLIMATE DRIVERS
4O DIAGNOSE THE POSSIBLE CAUSE�S	 OF BIASES INMODELED
SPRING AND MONSOON '00 VARIABILITY� WE EXAMINED
THE RELATIONSHIPS BETWEEN '00 AND VARIOUS CLIMATE
DRIVERS� #OMPARING THE MODELED AND OBSERVED SLOPE
OF THE LINEAR RELATIONSHIP BETWEEN MODELED '00 AND

�
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OBSERVED %4 �AS A PROXY OF PLANT WATER AVAILABILITY�
SEE SECTION ���	 REVEALS THAT ALL MODELS GENERALLY
UNDERESTIMATE THE '00 RESPONSE TO CHANGING PLANT
WATER AVAILABILITY IN THE SPRING AT HIGH ELEVATION SINK
SITES AND DURING THE MONSOON AT THE LOW ELEVATION
SITES �LIGHT BLUE MODEL '00�OBSERVED %4 SLOPE $
RED OBSERVED '00�OBSERVED %4 SLOPE�FIGURES ��A	
AND �B	� RESPECTIVELY	� 3EVERAL EXCEPTIONS EXIST� AT HIGH
ELEVATION SITES� THE RESPONSE OF SPRING '00 TO CHAN

GING PLANT WATER AVAILABILITY ESTIMATED BY /#. AND
$,%- IS STRONGER THAN OTHER MODELS AND MATCHES
THE OBSERVATIONS FAIRLY WELL �FIGURE ��A		� 4HE SAME IS
TRUE FOR/2#()$%%V��� AND$,%-DURING THEMON

SOON AT LOW ELEVATION SITES �FIGURE ��B		� /#. HAD THE
SMALLEST �I�E� CLOSEST TO ���	 MEDIAN SPRING '00 -"%
ACROSS ALL HIGH ELEVATION SITES �FOLLOWED BY $,%-�
RESULTS NOT SHOWN	� /2#()$%% V��� AND $,%- ARE
TWO OF THE MODELS THAT ALSO PERFORMED WELL AT LOW
ELEVATION SITES IN COMPARISON TO OBSERVED MONSOON
'00� WITH MODEL
DATA SLOPES AROUND∼� �FIGURE 3��
SEE SECTION ���	�7E CHOSE TO HIGHLIGHT THE SPRING '00
RESPONSE TO CHANGING PLANT WATER AVAILABILITY �%4	 FOR
THE HIGH ELEVATION SITES AND MONSOON '00 RESPONSE
FOR THE LOW ELEVATION SITES IN FIGURE � BECAUSE OUR ANA

LYSIS IN SECTION ��� POINTED US TOWARDS THESE TWO COM

BINATIONS OF SEASONS AND SITE ELEVATIONS AS THE MOST
PROBLEMATIC IN TERMS OF SIMULATING OBSERVED VARIAB

ILITY IN '00 �ALSO NOTING THE IMPORTANCE OF SPRING
BIASES IN '00 FOR CAPTURINGMEAN ANNUAL .%% AT HIGH
ELEVATION SITES	� (OWEVER� IN SECTION ��� �FIGURE �	
WE ALSO POINTED OUT THAT THE SLOPE VALUES BETWEEN
MODELED AND OBSERVED '00 WERE LOW FOR ALL SITES DUR

ING THE MONSOON� )F WE EXAMINE THE '00 RESPONSE
TO CHANGING %4 IN BOTH THE SPRING AND MONSOON SEA

SONS AT BOTH HIGH AND LOW ELEVATION SITES �FIGURE 3��	�
WE CAN SEE THAT MANY OF THE MODELS SYSTEMATICALLY
UNDERESTIMATE MONSOON '00 MOISTURE SENSITIVITY AT
THE HIGH ELEVATION SITES �FIGURE 3���C		� IN ADDITION
TO THE SPRING� 4HIS FURTHER ADDS WEIGHT TO WHAT WE
FOUND IN SECTION ����THAT SIMULATED '00 IS AN ISSUE
ACROSS ALL SITES IN THE MONSOON� ,OW ELEVATION SITES
GENERALLY FARE BETTER IN REPRESENTING SPRING'00MOIS

TURE SENSITIVITY �FIGURE 3���B		� BUT AGAIN A FEW OF THE
MODELS ARE DRASTICALLY UNDERESTIMATING THIS RESPONSE�
7E ALSO ASSESSED THE MODEL '00 �AND 2ECO	 RELATION

SHIPS TO OTHER CLIMATE DRIVERS AND MEASURES OF WATER
AVAILABILITY �SEE SECTION ���	� 4HIS EVALUATION REVEALED
THAT OBSERVED SENSITIVITY TOMOST OTHER CLIMATE DRIVERS
IS WEAK OR UNCLEAR �RESULTS NOT SHOWN	� EXCEPT FOR THE
RELATIONSHIP BETWEEN'00 AND %4 SHOWN HERE� 4HERE

FORE� WE FOCUSED SOLELY ON THE '00
%4 RELATIONSHIP�
4HIS FINDING WAS NOT SURPRISING BECAUSE� AS DISCUSSED
IN SECTION ���� PAST STUDIES HAVE FOUND THAT %4 IS AN
INTEGRATEDMEASURE OF PLANT WATER AVAILABILITY ;��� ��=�
4HE INTEGRATED NATURE OF %4 IS FURTHER EVIDENCED HERE
BY THE FACT WE FOUND A STRONG RELATIONSHIP BETWEEN
OBSERVED '00 AND %4 AND ONLY WEAK RELATIONSHIPS
WITH PRECIPITATION INPUTS AND SURFACE SOILMOISTURE �AS

WELL AS OTHER CLIMATE DRIVERS SUCH AS 4AIR AND 60$�
RESULTS NOT SHOWN	�

�� $ISCUSSION AND CONCLUSION

7HY DO MODELS UNDERESTIMATE SPRING '00 RESPONSE
TO CHANGING PLANT WATER AVAILABILITY AT THE HIGH ELEV

ATION SINK SITES �FIGURE ��A		� #OMPARING 42%.$9
MODELED %4 TO OBSERVATIONS� WE FOUND THAT ALMOST ALL
HIGH ELEVATION SITE SIMULATIONS UNDERESTIMATE SPRING
%4 AND ITS VARIABILITY �FIGURES 3���A	 AND �B		� )F MOD

ELS CANNOT CAPTURE CHANGING PLANT WATER AVAILABIL

ITY �I�E� %4 VARIABILITY	 CORRECTLY IT IS UNLIKELY THAT
THE SUBSEQUENT RANGE OF PROCESSES THAT CONTRIBUTE TO
'00 AND .%% �E�G� PHENOLOGY� # ALLOCATION� WATER

LIMITATION ON PHOTOSYNTHESIS� STOMATAL CONDUCTANCE�
ETC	 WILL BE ACCURATELY SIMULATED� 4HUS� WE FIRST NEED
TO DETERMINE WHY MODELS ARE NOT CAPTURING VARIABIL

ITY IN SPRING %4 AT THE HIGH ELEVATION FORESTED SITES�
(OWEVER� WITHOUT ADDITIONAL INFORMATION ON VARI

ABLES THAT CONTRIBUTE TO THE CALCULATION OF %4� IT IS
DIFFICULT TO DETERMINE WHY THESE %4 BIASES ARE OCCUR

RING� ;��= DID PERFORM A MULTI
VARIABLE EVALUATION
OF /2#()$%% V��� WATER STORES AND FLUXES AGAINST
IN SITU%4 AND SOILMOISTURE� AS WELL AS SATELLITE
DERIVED
,!) AND SNOW COVER� AT TWO OF THE HIGH ELEVATION FOREST
SITES INCLUDED IN THIS STUDY �53
&UF AND 53
6CP	 AND
FOUND THAT SPRING UPPER LAYER SOIL MOISTURE WAS GEN

ERALLY UNDERESTIMATED� 3PRING %4 AT THE 53
&UF AND
53
6CPWAS BOTH OVER
 AND UNDER
ESTIMATED� RESPECT

IVELY� 4HEY HYPOTHESIZED THAT THESE MODEL
DATA BIASES
COULD BE THE RESULT OF ISSUES WITH MODEL DEFICIEN

CIES IN TIMING OF SNOWMELT AND�OR THE REPRESENTATION
OF SNOW COVER UNDER FOREST CANOPIES� &OR EXAMPLE�
THE OVERESTIMATE IN SPRING %4 AT 53
&UF COULD BE
RELATED TO THE FACT THAT THE SIMULATED SNOWPACKMELTED
TOO EARLY� THUS CAUSING A PREMATURE RISE IN BARE SOIL
EVAPORATION� 4HE POSITIVE BIASES IN SPRING %4 COULD
EXPLAIN THE NEGATIVE BIASES WE OBSERVE IN MODELED
'00 MOISTURE SENSITIVITY� !T 53
6CP� THE NEGATIVE
BIAS IN SPRING %4WAS THOUGHT TO BE DUE TO AN UNDERES

TIMATE INMODELED ,!) ;��=� ,OW SIMULATED ,!) COULD
BE EXPLAINED BY THE LOW SOIL MOISTURE VALUES AND IN
TURN COULD EXPLAIN BOTH THE REDUCED %4 AND UNDERES

TIMATE IN FOREST SITE SPRING '00� $RYLAND WOODY PLANT
SPECIES OFTEN HAVE DEEP TAPROOTS ;��� ��= FOR ACCESSING
GROUNDWATER DURING PERIODS OF LIMITED WATER AVAILAB

ILITY� SUCH AS IN THE HOTTER� DRIER SPRING PERIOD� (OW

EVER� CURRENT $'6-S GENERALLY DO NOT HAVE A REPRES

ENTATION OF EITHER GROUNDWATER OR DEEP
ROOTED PLANTS�
THEREFORE� THESE MISSING PROCESSES COULD ALSO EXPLAIN
BOTH MODEL BIASES IN SPRING '00 AND %4 AS WELL AS
LACK OF SPRING CONTRIBUTIONS TO .%% )!6�

7HAT COULD BE THE CAUSE�S	 OF THE MODELS� FAIL

URE TO CAPTURE MONSOON '00 RESPONSE TO CHANGING
PLANT WATER AVAILABILITY AT THE LOW ELEVATION PIVOT
SITES �FIGURE ��B		� /UR COMPARISON OF 42%.$9

�
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MODEL %4 TO OBSERVATIONS SHOWED THAT MOST MOD

ELS DO CAPTURE %4 AND ITS VARIABILITY WELL AT LOW ELEV

ATION SITES DURING THE MONSOON �FIGURES 3���C	 AND
�D		� 4HIS FINDING MATCHES ;��=� WHO ALSO EVALU

ATED /2#()$%% V��� WATER STORES AND FLUXES AT A
SUBSET OF THE LOWER ELEVATION SHRUB AND GRASSLAND
SITES INCLUDED HERE� 4HE ENERGY BALANCE CALCULATIONS
AND PHYSICALLY BASED DESCRIPTION OF SOIL HYDROLOGY IN
/2#()$%% V��� ARE SIMILAR TO THE SCHEMES IMPLE

MENTED IN MOST $'6-S THAT FORM THE LAND COM

PONENT OF %3-S ;��=� 7E ALSO VALIDATED THE #25

*2! V��� FORCING DATA USED IN 42%.$9 V� AGAINST
THE SITE METEOROLOGICAL DATA TO TEST IF THE MODELS
ARE INDEED SEEING AN INCREASE IN MONSOON PRECIPIT

ATION� 4HIS EXERCISE SHOWED THAT #25
*2! CAPTURES
MONTHLY PRECIPITATION WELL� INCLUDING THE DRAMATIC
INCREASE DURING THE MONSOON �FIGURE 3��	� 4HEREFORE�
MODELS� INABILITY TO CAPTURE '00 VARIABILITY DURING
THE MONSOON IS NOT BECAUSE OF INACCURATE SIMULA

TIONS OF CHANGING PLANT WATER AVAILABILITY �I�E� %4	�
INSTEAD� IT IS LIKELY DUE TO ISSUES IN THE MODELED '00
RESPONSE TO INCREASES IN PLANT AVAILABLE WATER �I�E�
THEY UNDERESTIMATE ECOSYSTEM WATER USE EFFICIENCY	�
-ODELS� INABILITY TO RESPOND TO MONSOON INCREASES IN
WATER AVAILABILITY COULD BE EXPLAINED BY SEVERAL HYPO

THESES� �A	 INACCURATE CONTROLS OF SOIL MOISTURE VERSUS
60$ ON STOMATAL CONDUCTANCE ;��=� �B	 POOR REPRES

ENTATION OF DESERT PLANT HYDRAULIC SCHEMES� �C	 MODEL
STRUCTURAL LIMITS ON MAXIMUM LEAF AREA MAGNITUDE�
�D	 MODEL PHOTOSYNTHETIC PARAMETERS ARE NOT WELL
ADAPTED TO DRYLAND SPECIES ;��=� PARTICULARLY FOR #�
PLANTS ;��=� �E	 MODELS INABILITY TO SIMULATE DYNAMIC
CHANGES IN VEGETATION AT SEASONAL TIMESCALES �E�G� TO
GROW SUMMER ANNUALS IN BARE SOIL PATCHES	� �F	 LACK OF
DROUGHT
DECIDUOUS PHENOLOGICAL STRATEGIES IN MOD

ELS ;��=� AND �G	 LACK OF MODEL REPRESENTATION OF BIO

CRUST CONTRIBUTIONS TO BIOGEOCHEMICAL CYCLES ;��� ��=�
(YPOTHESES RELATED TO PHENOLOGY IN PARTICULAR COULD
EXPLAIN THE MISMATCH IN THE PHASE COMPONENT OF
-36� WHILE THOSE RELATED TO PHOTOSYNTHESIS� STOMATAL
CONDUCTANCE� AND BIOCRUST ACTIVITY MAY EXPLAIN THE
MISMATCH IN VARIANCE� 4HESE HYPOTHESES MAY ALSO
EXPLAINMODELS� FAILURE TO CAPTURE POSITIVE ASYMMETRY
AT GRASSLAND SITES IN RESPONSE TO PRECIPITATION VARI

ABILITY ;��=� 7E ALSO NOTE THAT OTHER RESOURCE LIM

ITATIONS ON BIOGEOCHEMICAL CYCLING MAY BE AFFECTING
MODELS� ABILITY TO CAPTURE SPRING AND MONSOON '00
RESPONSES TO INCREASING PLANT WATER AVAILABILITY� &OR
EXAMPLE� /#. AND$,%-� WHICH DID ACCURATELY SIM

ULATE SPRING '00 �AND %4	 AT HIGH ELEVATION SITES�
DO INCLUDE A REPRESENTATION OF NITROGEN �.	 CYCLING�
WHEREAS MANY OTHER MODELS DO NOT� !CCURATE ESTIM

ATES OF . LIMITATION ON PHOTOSYNTHESIS MAY REDUCE
,!)� AND THUS RESULT IN GREATER OVERALL SOIL MOISTURE
STORES THAT CAN PROMOTE GROWTH INMOREWATER
LIMITED
SPRING PERIODS� /N THE OTHER HAND�/2#()$%%
#.0�
WHICH CONTAINS BOTH . AND PHOSPHORUS �0	 CYCLES�

WAS UNABLE TO REPLICATE VARIABILITY IN MONSOON SEA

SON '00 OR %4 �FIGURES 3� AND 3���D		� WHILE /2#(

)$%% V���� WHICH DOES NOT ACCOUNT FOR . AND 0 LIM

ITATIONS ON '00 AND IS THE SAME MODEL IN ALL OTHER
RESPECTS� HAD A BETTER PERFORMANCE IN TERMS OF CAPTUR

ING MONSOON '00 VARIABILITY� #LEARLY� MODELS SHOULD
ACCOUNT FOR NUTRIENT LIMITATION ON '00� THEREFORE�
THIS COMPARISON SUGGESTS THAT /2#()$%% V���MIGHT
HAVE A BETTER MODEL
DATA FIT BUT FOR THE WRONG REAS

ONS� ! RECENT GLOBAL EVALUATION OF /2#()$%%
#.0
FOUND THAT THE MODEL SIMULATES TOO STRONG A NUTRI

ENT LIMITATION ON '00 FOR TROPICAL GRASSES �EQUIVALENT
TO THE GRASSES IN THIS STUDY DOMAIN	 ;��=� 4HEREFORE�
MORE DEVELOPMENT� PARAMETERIZATION� AND TESTING OF
LEAF AND SOIL STOICHIOMETRY IS LIKELY NEEDED TO ACCUR

ATELY SIMULATE NUTRIENT LIMITATION ON PHOTOSYNTHESIS
AND ALL RELATED CARBON
WATER INTERACTIONS IN DRYLAND
ECOSYSTEMS�

$'6-S DRASTICALLY UNDERESTIMATE DRYLAND ECO

SYSTEM MEAN ANNUAL .%% AND ITS )!6� LIKELY DUE TO
DEFICIENCIES IN VEGETATION RESPONSE TO CHANGING MOIS

TURE AVAILABILITY� &URTHER TESTING� OPTIMIZATION� AND
DEVELOPMENT OF MODELS AT SITE
LEVEL AGAINST DAILY #
FLUXES IS NEEDED BEFORE WE CAN RELY ON THEM TO ACCUR

ATELY REPRESENT DRYLAND ECOSYSTEM PROCESSES ACROSS
��� OF THE TERRESTRIAL SURFACE� ! TARGETED DRYLAND
MULTIMODEL
DATA INTERCOMPARISON ANDMODEL OPTIM

IZATION PROJECT WOULD HELP TO FULLY DIAGNOSE WHAT IS
CAUSING ERRORS IN MODELED DRYLAND # FLUXES� 7ITHIN
SUCH A PROJECT WE COULD USE THEMODELS TO TEST COMPET

ING HYPOTHESES AS TO WHICH PROCESSES ARE RESPONSIBLE
FOR MODEL DEFICIENCIES BY EVALUATING DIFFERENT MODEL
FORMULATIONS AGAINST A WIDER RANGE OF FIELD DATA AND
MANIPULATION EXPERIMENTS ;E�G� ��= FROM DIFFERENT
DRYLAND ECOSYSTEMS WORLDWIDE� -ODELERS SHOULD ALSO
COLLABORATE MORE EXTENSIVELY WITH EMPIRICAL SCIENT

ISTS TO MAKE BEST USE OF EXISTING DATA AND TO COLLECT
OR DERIVE NEW DRYLAND # CYCLE RELATED DATASETS WHERE
NEEDED� /NCE THIS CYCLE OF MODEL HYPOTHESIS TEST

ING AND DEVELOPMENT IS COMPLETE� WE MAY FIND THAT
DRYLAND REGIONS PLAY AN EVEN GREATER CONTRIBUTION TO
GLOBAL # CYCLE )!6 THAN PREVIOUSLY THOUGHT�

$ATA AVAILABILITY STATEMENT

4HE DATA THAT SUPPORT THE FINDINGS OF THIS STUDY ARE
OPENLY AVAILABLE AT THE FOLLOWING 52,�$/)� HTTP���
AMERIFLUX�LBL�GOV�
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