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� SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK

Abstract� We explore the sensitivity of terrestrial CO� �ux estimates from a speci�c
inversion methodology� based on the con�guration of Fan et al� ������� to di	erent con�gu

rations of the global observation network �GLOBALVIEW
CO��
 Using diagnostics derived
from the inversion equations� we focus on quantifying the relative in�uence of individual sta

tions on the �ux estimates
 We also examine the impact of di	erent assumptions for the data
uncertainty values by contrasting weighted and unweighted inversions and presenting related
sensitivity analyses
 For this particular methodology� unweighted estimates of continental scale
�uxes prove very sensitive to network con�guration
 The inclusion or omission of a few im

portant stations in and around the northern continents can result in shifts in continental
scale
�ux estimates of up to �
� Gt C�year
 The weighted estimates are less sensitive to network
con�guration
 Diagnostics of relative station in�uence indicate that this results from the re

duced roles of previously in�uential continental sites� i
e
� those stations characterized by high
levels of data uncertainty
 In the weighted approach� stations on continental peripheries as

sociated with lower levels of data uncertainty are the most important in determining terres

trial �uxes
 Finally� using the diagnostics of relative station in�uence� we discuss potential sam

pling strategies for the determination of regional �uxes from surface measurements


D R A F T June ��� ����� ����pm D R A F T



SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK �

�� Introduction

The magnitude and geographical distribution of uptake of anthropogenic CO� by the

terrestrial biosphere and ocean remain key unresolved issues in current studies of the

global carbon budget� Quanti�cation of the budget for the ���s suggests that of the total

anthropogenic emissions of ��� Gt C per year� ��� Gt C remained in the atmosphere� and

��	 Gt C and ��	 Gt C were taken up by the ocean and terrestrial biosphere respectively


Intergovernmental Panel on Climate Change �IPCC�� ������ The margins of uncertainty

in these latter two estimates are relatively large
 furthermore� the processes responsible for

net terrestrial uptake are not as yet well de�ned� These processes are believed� however�

to include forest regrowth� as well as enhanced plant growth due to CO� and nitrogen

fertilization and climate variability 
Schimel� �		���

Over the past decade� identi�cation of the large�scale distributions of net carbon uptake

has been addressed by analysis of spatial gradients in atmospheric concentrations of CO�

and other trace substances� Tans et al� 
�		��� one of the pioneering studies of such

methods� employed measurements of the north�south gradient in atmospheric CO�� in

conjunction with ��D tracer transport model simulations and constraints provided by

surface oceanic CO� measurements� to infer the presence of a signi�cant carbon sink in the

northern hemispheric terrestrial biosphere� This conclusion was con�rmed subsequently

by analyses of gradients in O��N� 
Keeling et al� �		�� and ��CO� 
Ciais et al� �		��� The

O��N� data and the ��CO� measurements also provide important independent means to

separate the relative contributions of oceanic and terrestrial uptake to the global budget

of CO��
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� SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK

More recently� investigators have attempted to use analysis of atmospheric concentration

gradients along with models of atmospheric transport� in a �top down� inverse modeling

approach� to identify longitudinal variations in the northern hemispheric terrestrial sink�

Estimates of long�term mean �uxes from these studies have not always been mutually

consistent nor do they concur with alternative methods of estimating terrestrial carbon

uptake 
Fan et al� �		�� Rayner et al� �			� Bousquet et al� �			a�� The study of Fan

et al� 
�		��� for example� which calculated the relative contributions of North America

and Eurasia in the period �	���	�� employed analysis of annual mean concentrations and

attributed the majority of net terrestrial uptake to the North American continent
 i�e��

approximately ��� Gt C per year out of a global sink of about ��� Gt C per year� an

amount comparable to US fossil fuel emissions in the early �	�s� This result is in sharp

contrast to estimates of North American carbon uptake based on �bottom up� methods

that rely on measurements from forest inventories 
Birdsey and Heath� �		�� or estimates

based on changes in land�management practices 
Houghton et al� �			�
 these latter

methods suggest that North American carbon uptake is less than ���� Gt C per year or

only ������ of US fossil emissions for the period� A recent study by Pacala et al�� 
������

estimating US carbon uptake based on the latter approach and employing land carbon

inventories� land use change estimates and ecosystem models� reported a somewhat larger

range ����� to ���� Gt C per year net carbon �ux�
 this increased estimate is ascribed to

the inclusion of factors neglected in previous analyses� such as woody encroachment due

to �re suppression�

Results from other recent �top down� inverse analyses of atmospheric concentration

data have not been in agreement with the longitudinal partition of the northern mid�
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SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK �

latitude carbon sink implied by Fan et al� 
�		��� nor are they in strict accord with one

another� highlighting the uncertainty attached to aspects of the analyses� The study of

Bousquet et al� 
�			a�� which analyzed carbon uptake for the �	���	� period� implies

a signi�cant sink in Eurasia� while the work of Rayner et al� 
�			� suggests that the

northern hemisphere terrestrial sink was approximately equally partitioned between North

America and Eurasia during �	���	�� Postulated causes for the di�erences among these

studies include variations in atmospheric transport models used� di�erences in time period

examined� uncertainties in underlying assumptions about the carbon cycle� as well as

di�erences in details of the inverse methodology employed�

A notable di�erence among the three inversion studies cited above is the use of di�erent

con�gurations of observation stations for atmospheric CO�
 i�e�� �� stations in the Fan et

al� 
�		�� study� a maximum of �� for Rayner et al� 
�			� and �� sites in Bousquet et al�


�			a�� Most CO� inversion analyses employ measurements from the �ask network of the

National Oceanic and Atmospheric Administration�s Climate Monitoring and Diagnostics

Laboratory �NOAA�CMDL� 
e�g�� Conway et al� �		�� or the extended GLOBALVIEW�

CO� network compiled by the same laboratory 
e�g�� GLOBALVIEW�CO� �			� Masarie

and Tans� �		��� This latter database of over �� stations represents a compilation of

data from several international networks and provides the most widespread coverage for

atmospheric CO� currently available� The majority of the stations �over �� �� form

part of the NOAA�CMDL global air sampling network mentioned above� which has been

measuring CO� since the late ���s� A primary objective in the original design of the

CMDL network was to measure �background� conditions characteristic of large spatial

scales and long term trends
 this resulted in the positioning of most of the sites in remote
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� SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK

oceanic locations� isolated consequently from local continental signals� Only over the past

decade have stations been added to the network for the purpose of monitoring continental

signals �e�g�� stations on Shemya Island� Alaska �SHM�� Tae�ahn Peninsula� Korea �TAP�

and Qinghai Province� China �QPC�� Conway et al� �����	�� Overall� however� the global

CO� monitoring network includes relatively few stations near the continental signals of

relevance for identifying the distribution of terrestrial carbon uptake�

Atmospheric CO� inversion studies of the past decade have employed a variety of di�er�

ent assumptions to characterize the data uncertainty associated with model�observation

mismatch�These terms are complex to de�ne� as they are required to represent not only

instrument precision but also to capture the uncertainty in relating a model gridbox

concentration to a station measurement� Recent analyses range from an �unweighted�

situation �assuming a constant level of data uncertainty at all stations� e�g�� Enting et al�


�		��� Fan et al� 
�		��� Rayner et al� 
�			�� to �weighted� scenarios that account for

variable levels of measurement uncertainty among the station sites 
e�g�� Bousquet et al�

�			ab� Peylin et al� �			� Baker� ����� Gurney et al� ������

In this analysis we employ a version of the GISS II atmospheric tracer transport model

in conjunction with a simple least squares minimization method� similar to the analysis of

Fan et al� 
�		��� to investigate the sensitivity of North American and Eurasian terrestrial

�ux estimates to varying con�gurations of the observation network� We also focus on

identifying the relative in�uences of individual stations on the inversion estimates and on

analyzing results from di�erent network con�gurations in terms of the contributions from

the most in�uential stations� Our methodology is described in Section � and results are

presented in Section �� In view of the range of characterizations of the data uncertainty in
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SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK �

recent inversion studies� we also examine the impact of di�erent assumptions about this

quantity on the estimated �uxes�

In Section �� using diagnostics developed to identify the location of the most in�uential

stations in the inversion analysis� we discuss potentially suitable measurement locations

for determining the longitudinal partition of net northern hemisphere terrestrial uptake�

Section � discusses limitations of the methodology employed in this study� and Section �

summarizes our conclusions�

�� Methodology

The analysis is based on methods of synthesis inversion� i�e�� we seek the linear combina�

tion of sources and sinks such that the sum of their modeled concentrations best matches

measured concentrations at the observation stations 
e�g�� Enting et al� �		�� Tans et al�

�		�� Fan et al� �		��� The magnitudes of net regional �uxes are estimated from a least

squares minimization of the metric�

�� �
NX

i��

�yobsi � ymodi��

��
i

���

i�e�� the sum over N stations of the squared di�erences between modeled concentrations

�ymodi� and observations �yobsi� weighted by the data uncertainty ��i�� The modeled

concentration at station i for a set of M sources is given by�

ymodi �
X

j

bjxij ���

xij represents the response of model concentrations at station i to a source j of unit

magnitude� and bj is the magnitude of this source to be determined� The set of responses

to source j over the N stations characterizes the response function Xj � 
x�jx�j � � �xNj�T �
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� SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK

Solution of the least squares minimization via the normal equations yields regional �ux

estimates b �in vector form�� and the associated variance�covariance matrix Cb de�ning

the error estimates 
e�g�� Myers� �		���

b � �XTR�

�
X���XTR�

�
yobs ���

Cb � �XTR�

�
X��� ���

Here� X �dimension N � M� is the composite matrix of response functions Xj � and R�

�dimension N � N�� a diagonal matrix of elements 
���i�� characterizing the in�uence of

data uncertainty �i�e�� we assume the measurement errors at the stations are uncorrelated��

Since this study focuses primarily on the sensitivity of �ux estimates to network con�

�guration� we have employed only a single inversion methodology similar to that used

in Fan et al� 
�		��
 namely� an investigation of long�term mean �uxes �for the period

�	�� � �		��� A comparison of inversion methods is beyond the scope of this study
 some

problems associated with this methodology will be discussed� however� in section ��

���� Observational Data

The observational CO� data used in this study are taken from GLOBALVIEW�CO�


�			�� An aim of the GLOBALVIEW�CO� database is to provide temporally continuous

records of measurements for use in analyses of sources and sinks of atmospheric CO��

Masarie and Tans� 
�		�� provide a discussion of the integration of measurements and

methodology of data extension techniques involved� We have constructed a range of

networks using the measurement sites of GLOBALVIEW�CO� 
�			�� and the main ones

discussed in this study are listed in Table �� Two of the networks are based on those used

in recent analyses
 i�e�� F� 
Fan et al� �		�� and R� �the �extended� network of Rayner
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SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK �

et al�� 
�			��� We also examine results from two more general networks� CMDL�ANY�

a network consisting of NOAA�CMDL �ask sites that reported any actual measurements

�as opposed to values obtained from extension methods� during the �	����		� period


and GV�ANY� a network made up of any sites from the GLOBALVIEW�CO� 
�			�

database that reported actual measurements in �	����		�� This latter network� GV�ANY�

is� therefore� the largest network of the study ��� stations�� The remaining networks are

based on subsets of this station set� with the exception of the F� network which also

includes Station P� a Canadian �xed shipboard station at which measurements ceased in

�	��� Since no actual observations are reported from this site in the period �	����		�� it

is not included in the GV�ANY network�

The majority of the stations in the GLOBALVIEW�CO� 
�			� database report �ask

measurements sampled at approximately weekly frequency� Some sites� however� also re�

port much higher frequency measurements� for example� based on hourly in�situ sampling�

The criterion used to select among multiple measurements at a site was that if a �ask mea�

surement was available� it was used in preference to other sampling methods to maintain

consistency with the remainder of the network� This becomes an issue at the following

sites� AMS� BRW� ITN� IZO� MHD� MLO� PRS� SMO and SPO� Both the GV�ANY and

F� networks include a few stations that report only high�frequency measurements and we

examine implications of the inclusion of these data in the section on weighted estimates

������ Unless explicitly stated in the analysis below� the modeled concentrations used in

this study do not attempt to reproduce sampling practices at station sites �e�g�� sampling

based on wind�sector�� Sensitivity tests were conducted at certain coastal and continental

sites by shifting the location of the model gridbox sampled to reduce the impact of local
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emissions or better capture signals of marine air� While the majority of �ux estimates

were relatively una�ected by this procedure� cases for which it made a signi�cant di�er�

ence are noted in section ������ Finally� we note that as with the Fan et al� 
�		�� analysis�

the modeled and observed CO� concentrations employed here are those in excess of the

value at the South Pole station �SPO�
 a possible problem with this approach is discussed

in section ��

���� Transport Model� Emissions Fields and Regional Aggregation

The atmospheric tracer transport model used is the GISS II Chemical Transport Model

�CTM� which is based on the meteorological �elds of the general circulation model of

Hansen et al� 
�	���� Interhemispheric exchange was investigated using observations of

CFCs and ��Kr �Prather et al� 
�	���� Jacob et al� 
�	����� As noted in these studies� a

parameterization of sub�grid scale di�usion was introduced for consistency with observed

interhemispheric gradients� Convective and synoptic transport was examined using ���Rn


Jacob et al� �		�� Balkanski et al� �		��� The GISS II CTM has been used extensively

for studies of tropospheric chemistry 
e�g�� Spivakovsky et al� �		������� Jacob et al� �		��

Chin et al� �		�� Horowitz et al� �		�� Wang et al� �		��� The model employed in this

analysis has a horizontal resolution of �o latitude � �o longitude� with 	 layers in the

vertical� The lowest three layers� de�ning the planetary boundary layer� have tops at

approximately ��� m� ���� m and ���� m respectively� The CTM is run on a � hour

timestep using a � year archive of GISS GCM meteorological �elds which include � hour

averages of winds� mixed layer heights and column frequencies of wet and dry convection�

and � day averages of temperature� humidity and convective mass �uxes� A detailed

description of the computation of mass transport is presented in Prather et al� 
�	����
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Earlier versions of this model were used in studies of CO� by Tans et al� 
�		��� Enting

et al� 
�		�� and Rayner et al� 
�			�� in which the model was run at a lower horizontal

resolution ��o � ��o� with di�erent parameterizations adopted to describe convective

mixing and advection�

The magnitude and distribution of emissions for fossil fuel� net oceanic uptake and

seasonal biospheric exchange �assumed balanced in the annual mean� are prescribed ac�

cording to the following sources �annual averages for the period �	�� � �		�� � �a� fossil

fuel �Andres et al� 
�		���� �b� net oceanic uptake �Takahashi et al� 
�		�� �In the ab�

sence of information of oceanic uptake over this �ve year period� we use the �		� estimate

of oceanic uptake from this source��� �c� annually balanced seasonal biospheric exchange

�uxes from the CASA model 
Potter et al� �		��� We have not included the source of

CO� from atmospheric CO oxidation 
e�g�� Enting and Mansbridge� �		�� in this analysis�

and note that a recent detailed inversion analysis evaluating this source concluded that it

showed a relatively small impact on estimates for surface CO� �uxes 
Baker� ������

The global annually averaged magnitudes of the prescribed CO� �uxes used in the

model are �a� ���� Gt C for fossil fuel� �b� ��� Gt C for oceanic uptake �We note that

a larger oceanic uptake has been estimated in the more recent study of Takahashi et

al� 
�			�
 this latter analysis includes new measurements in the Southern Ocean and

certain variations in the gas�exchange parameterization�� and �c� �� Gt C for net primary

production from the CASA model� In addition� the global budget is constrained using

data on the atmospheric CO� concentration increase over the period �	�� � �		�
 i�e�� an

equivalent annual atmospheric increase of ���� Gt C 
Conway et al� �		��� Figure � depicts

the latitudinal distribution of modeled concentrations for the prescribed emissions �i�e��
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�� SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK

without the net terrestrial uptake component� at the NOAA�CMDL sites and compares

this with the observations for the period �	�� � �		� �this model simulation will be referred

to as FBO in the text�� As can be seen� modeled concentrations are markedly higher than

observational data at northern mid�latitudes
 this constitutes the primary feature of the

results leading to the inference of a signi�cant northern mid�latitude sink 
e�g�� Tans et

al� �		���

As noted by Denning et al� 
�		��� an issue of possible signi�cance for annual mean

inversions of the type discussed here is the ability of the model to represent successfully the

covariance of transport �e�g� seasonally varying vertical mixing� and biospheric exchange

�e�g�� seasonal variation in magnitudes of photosynthesis and respiration�� This covariance

is often referred to as the �atmospheric recti�er� 
e�g�� Heimann et al� �	�	� Denning et

al� �		��� An inter�model comparison of this e�ect �TRANSCOM I� Law et al� 
�		���

noted that models fell into two groups �weak vs� strong recti�ers� primarily on the basis

of their treatment of vertical mixing in the boundary layer� The version of the GISS CTM

used in this study produces values of less than � ppm for the zonally averaged seasonal

recti�er in the northern mid�latitudes
 i�e�� the annual mean zonally averaged surface

concentration for seasonal biospheric emissions alone� using either the seasonal biospheric

exchange �uxes of the CASA model 
Potter et al� �		�� or those of 
Fung et al� �	���

�c�f�� Figure �� of Law et al� 
�		���� The model falls therefore into the category of �weak

gradient� models discussed by Law et al� 
�		��� Since estimates of the northern mid�

latitude sink from annual�mean inversions are based on the mismatch between modeled

and observed concentrations� the strength of the mid�latitude recti�er has a direct impact

on the magnitude of the uptake inferred for the local terrestrial sink
 models with weak
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recti�ers yield smaller estimates for mid�latitude terrestrial uptake� Implications for our

analysis are discussed in section ����

Consistent with the study by Fan et al� 
�		��� we examine the relative distribution of

net terrestrial biospheric uptake over three large regions� ��� North America� ��� Eurasia

�both northward of ��o N� and ��� the tropical and southern hemisphere continents�

We note� however� that some studies advocate a higher regional resolution in the initial

inversion process� followed by aggregation up to continental scales post�inversion� due to

possible biases introduced in the low resolution solution 
e�g�� Enting et al� �		�� Peylin

et al� �			� Kaminski et al� ������ Since our analysis is focused on the sensitivity of

�ux estimates to di�erent combinations of observation stations using a speci�c inversion

methodology� we have not examined the impact of higher regional resolution� We do�

however� discuss the implications of low regional resolution in our analysis in Section ���

and Section ��

�� Results

���� Unweighted case � Homogeneous variance of measurement errors

We examine �rst the sensitivity of regional �ux estimates to di�erent con�gurations of

the observation network� under the assumption that measurement errors are independent

and normally distributed with constant variance� as has been done in some recent studies

�i�e�� �i � �� for all stations� 
e�g�� Fan et al� �		�� Rayner et al� �			�� Note that under

this assumption equations � and � imply that the �ux estimates bj are independent of

measurement error� while the �ux error estimates given by the elements of Cb vary in

direct proportion to ���
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It is di�cult to quantify the data uncertainty� �i� as it must encompass not only measure�

ment instrumentation error but also the uncertainty in relating a model gridbox spatial�

and time�averaged concentration and its associated systematic errors to the local mea�

surements� Gloor et al� 
�			� note� for example� that model associated systematic errors

can be categorized in terms of �a� possible �aws in representations of transport� and �b�

errors in the emissions distributions used to simulate the modeled response functions� The

majority of the observational sites used in this study employ weekly �ask measurements

and some follow speci�c sampling protocols �e�g�� based on wind direction� as in the case

of many coastal sites 
Conway et al� �		���� Such sampling may represent a level of

synoptic or smaller scale variability not captured by a model grid box average
 however�

the low frequency of sampling may also result in an under�representation of synoptic scale

variability�

The impacts of di�erent formulations of measurement uncertainty on �ux estimates are

examined further in section ���� where we assume heterogeneous variance of the measure�

ment errors and present sensitivity analyses on aspects of this issue� In this section we

note that previous studies �using a constant ��� attempting to account for such consider�

ations as model�related systematic errors have employed such values as of �� � ��� ppm


Fan et al� �		�� and �� � ���� ppm 
Rayner et al� �			�� In contrast� round�robin inter�

comparisons by the laboratories that contribute measurements to GLOBALVIEW�CO�

report agreement of measurements of standard gases to within ��� ppm 
Peterson et al�

�			�� For the results discussed in this section� we use a value of �� � ��� ppm for the

main discussion but also present results for assumptions of �� varying from ��� to � ppm�
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In order to evaluate the large�scale resolution of terrestrial uptake permissible in this

model� we compare� in Figure �� the estimates of North American and Eurasian net

�ux and the total northern mid�latitude terrestrial uptake for the observation networks

listed in Table �� Figure � also shows the variation in estimated �ux errors under di�erent

assumptions for ��
 note that the estimates for b do not change for such variation �equation

�� and that the �ux error scales in direct proportion to ���

As seen� estimates of the total northern mid�latitude terrestrial sink are well constrained

by the observations
 derived �ux values of ��� to ���� Gt C per year are relatively robust

to observation network con�guration� di�ering by less than ��� Gt C �a result which

concurs with previous studies� e�g�� Tans et al� 
�		���� In contrast� the partitioning

of the sink into longitudinally distinct zones is not so well constrained� Estimates of

North American net �uxes� for example� vary considerably depending on the observation

network employed
 these �uxes range from uptakes of ������� Gt C per year �for network

F� and a variant of CMDL�ANY�� to e�ux of ���� Gt C per year �for network CMDL�

ANY omitting the South China Sea �SCS� stations�� This sensitivity can be ascribed

to the following factors� Atmospheric mixing in the east�west direction is rapid �on the

order of weeks� in comparison to about a year for interhemispheric mixing 
Warneck�

�	���� and produces weak concentration signatures from relatively strong �ux gradients�

In the inversion procedure� the deduced �ux gradient� is� therefore� very sensitive to the

concentration gradient�

The di�culty in extracting information on the longitudinal variation of the sink is exac�

erbated by the sparsity of measurements in regions sensitive to the terrestrial biospheric

signal� Figure � depicts the di�erence between two separate model simulations of atmo�
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spheric CO�� NA�� in which the entire northern mid�latitude terrestrial sink is situated

in North America� and EA�� in which it is located in Eurasia� Large magnitudes of the

di�erence �EA� � NA�� indicate regions where �uxes from the separate continents can

be well distinguished� Levels close to zero indicate locations where the signals from both

North America and Eurasia are small� or where the signals from the two regions are in�

distinguishable� Figure � indicates that although the largest signals are found within and

closest to the continents� the majority of the stations are sited in remote oceanic loca�

tions �due to the original NOAA�CMDL objective of measuring background conditions��

and hence are ill�suited for detection of continental signals� Estimates of the longitudinal

partition of terrestrial �uxes are determined primarily� therefore� by the small number of

stations in and around the northern hemisphere continents� As discussed below� the mod�

eled concentrations at some of these stations may be subject to such errors as problems

in model transport
 the disparity in estimates of North American uptake seen in Figure

� arises� therefore� when inversion estimates are derived from di�erent subsets of these

critical stations�

We can obtain a more quantitative measure of the relative in�uence of the individual

stations by examining the de�ning equation for the estimated �uxes� b� in the form

b � Qyobs ���

where

Q � �XTRo
�X���XTRo

� ���

For assumptions of constant �i� this reduces toQ � �XTX���XT � whereQ has dimensions

of M � N�
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Matrix Q can be considered an �in�uence� matrix� since its elements qji de�ne the

impact of the concentration measurement at station i �i�e�� yi�� on �ux estimate bj� The

units of its elements are� accordingly� �Gt C per year��ppm� In Figure � we plot the

magnitude of this diagnostic �i�e�� qji� at the various stations of the four main networks

�i�e�� GV�ANY� CMDL�ANY� F� and R�� to illustrate their relative in�uence on the

estimate of net North American terrestrial �ux �i�e�� bNorthAmerica��

Note that the most in�uential stations are those closest to the continental signals in

North America and Eurasia and that these sites are not always common to the four

networks� As Figures �a and �b indicate� the CMDL�ANY and GV�ANY networks include

similar combinations of the most in�uential stations and yield similar unweighted �ux

estimates for North American uptake� as shown in Figure �� The F� network �Figure �c��

in comparison� does not include some of these important stations �e�g�� ITN� UUM� and

TAP�� and North American uptake estimates from this network are signi�cantly higher�

as seen in Figure �� We also depict� in Figure �� the �ux estimate from a CMDL�ANY

network that excludes stations ITN� UUM and TAP
 as can be seen this result di�ers by

more than ��� Gt C from the original CMDL�ANY estimate�

The much larger apparent in�uence of the individual stations in the R� network in

comparison� for example� to the GV�ANY network is simply a function of the number of

stations in the network� Since the R� network has only �� stations in comparison to the

�� of GV�ANY� its individual stations are required to exert more in�uence per ppm of

CO� observed than the counterparts in GV�ANY�

Another method of characterizing the in�uence of individual stations on inversion esti�

mates is obtained through a process of column deletion for matrixQ� Figure � summarizes
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the variation in the estimate of the North American terrestrial uptake obtained using the

CMDL�ANY network� as individual stations �or combination of stations for the case of

the South China Sea data� SCS� are omitted from the analysis� The value associated with

each station represents the estimate from the remainder of the network upon elimination

of the station� and only the results for the �� most in�uential stations are shown in the

�gure� This particular diagnostic of the in�uence of individual observations on the inver�

sion estimates is formally de�ned as DFBETAS
 it is related to the index of in�uence qji

of equation � via the studentized residual of the omitted data point 
e�g�� Belsley �	���

Myers �		��� The estimates are seen to be most sensitive to eliminations of stations SCS�

ITN� TAP� UUM� and BAL
 i�e�� leading to conclusions similar to those obtained using

the qji diagnostic discussed above�

������ Discussion of Speci�c Stations� We now examine the in�uence of speci�c

stations in the context of characteristics of the atmospheric transport model and the

observational dataset� We examine their impact on derived �ux estimates and will rely

primarily on the CMDL�ANY network as an illustrative example�

The analysis of Section ��� indicates that the estimate of North American uptake�

derived using network CMDL�ANY� is extremely sensitive to inclusion or omission of

the data from the South China Sea stations
 i�e�� shifting from a net sink of ���� Gt C

year�� to a net source of ���� Gt C year��� This sensitivity to the SCS stations is also

apparent when using other networks
 for example� Figure � depicts results for the F�

network excluding the SCS observations� In this case� North American uptake estimates

drop from ��� Gt C year�� to levels close to zero�
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As will be discussed in detail below� part of the sensitivity to these stations may be

attributed to �a� a poor simulation of transport o� the continent in the South China Sea

region by the GISS II CTM� �b� an overrepresentation of this region in the observational

data using the unweighted estimation procedure� and �c� the correlation between North

American and Eurasian �ux estimates in the three terrestrial region partition used in the

inversion analysis� As seen from Figure �� which contrasts annual mean concentrations

from the model �excluding net terrestrial uptake� with the observations� for the majority of

Northern Hemisphere stations� model values are higher than the observations �the major

cause being the lack of the net terrestrial sink component in the forward simulation shown��

The South China Sea stations are� however� an exception to this pattern
 modeled values

range from ��� to ��� ppm� in comparison to observations of ��� to ��� ppm� suggesting

either that the observations may be registering a local CO� signal not captured in the

model emissions �eld� or that model transport may not adequately reproduce the o�shore

�ow in this region� A comparison of the monthly averaged winds at the ����mb level

from the GISS II CTM with streamlines from the NCEP meteorology suggests that the

latter may be true� In December� for example� �one of the months of highest �ow o�

the continent�� the SCS locations in the model experience a predominantly easterly �ow

carrying a low oceanic CO� signal in contrast to the higher concentrations transported by

the observed north�easterly �ow from the continent�

In solving for regional �uxes� the higher levels of observed relative to modeled concen�

trations at the SCS stations� coupled with the paucity of other observational sites around

Eurasia� drives the solution towards a Eurasian source� The North American �ux is af�

fected in turn� as there is a strong constraint on the total mid�latitude uptake imposed by
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the majority of northern hemisphere stations �e�g�� see Figure ��� In the simple three ter�

restrial region partition used in this inversion method� this forces North American uptake

to adjust in compensation� Furthermore� since there are � SCS stations exhibiting approx�

imately the same concentration di�erence between observation and model� this constraint

is overrepresented in the unweighted estimate
 e�g�� a variant of the CMDL�ANY network

with only a single SCS station yields North American and Eurasian �uxes of ����� � ���

Gt C per year �i�e�� small source� and ��� � ��� Gt C per year �a large sink� respectively�

The sensitivity of the continental scale estimates to the observations from the SCS

stations may also be attributed to the formulation of the inversion problem with only

three large terrestrial regions� Errors in modeled or observational concentrations at a

few stations �as in the case of the SCS stations� can cause the �ux estimate of an entire

continental region to respond� Bousquet et al� 
�			a�� for example� whose inverse analysis

used � separate regions in Eurasia� found a signi�cant local sensitivity to the elimination

of the SCS stations
 i�e�� their estimate of the tropical Asian source was reduced from

��� � ��� Gt C yr�� to ��� � ��� Gt C yr��� However� in view of their higher regional

resolution within Eurasia� �ux estimates in Europe and Northern Asia were less a�ected�

As shown in Figure �� a version of the CMDL�ANY network that excludes ITN� UUM�

and BAL results in a shift in the North American sink from ���� Gt C per year to ���

Gt C per year� a level comparable to the result of the F� network� Station ITN in

North Carolina ��ask sample� is one of the few sites in continental North America and

constitutes the single most in�uential station in network CMDL�ANY
 the elimination of

observations from this station increases the estimate of North American uptake by more

then ��� Gt C per year� For the majority of the northern mid�latitude sites� modeled
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values exceed observations by about � ppm
 in contrast� modeled annual mean CO� at

ITN is greater than the observations by less than � ppm ���� ppm vs� ��� ppm�� The

inclusion of this site in the inversion� therefore� forces a requirement of a relatively low

value for the North American sink� Eliminating station ITN from the analysis allows

North American uptake to increase signi�cantly� As noted in section ���� the GISS II

CTM has a small modeled recti�er e�ect� If this e�ect is underestimated in the region

of ITN� it could be a contributory factor in the low modeled value and the resulting low

estimate of North American uptake�

Measurements at BAL �Baltic Sea site� are made aboard a ferry �midway between

Poland and Sweden� in the southern Baltic Sea� The gridbox corresponding to this

location in the transport model has a large land fraction and is subject to signi�cant

local fossil and biospheric emissions� The sampling location in the model does not�

therefore� provide a reliable representation of observed sampling conditions
 e�g�� back

trajectory analysis at BAL for the period �		� � �		� indicates that while less than

��� of the trajectories originate in the local regions just south of the site �and hence

are in�uenced by western European emissions� the majority come in from the north

and originate in the oceanic regions of the North Atlantic and Arctic �e�g�� refer to

http���www�cmdl�noaa�gov�ccgg��ask�bal�html�� Modeled results for annual mean con�

centrations for the FBO simulation at BAL are almost � ppm higher than the observational

values� In order to reduce the in�uence of local emissions on modeled concentrations at

this site� we moved the sampling location one gridbox north�east into the Baltic Sea� This

resulted in concentrations more than ��� ppm lower than results obtained at the previous
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�on�shore� location
 our estimate for the Eurasian sink dropped correspondingly by over

��� Gt C per year�

In summary� we note that under the assumption of constant levels of measurement un�

certainty� this inversion method yields a longitudinal partition of terrestrial �ux estimates

that is very sensitive to the inclusion or omission of a handful of stations in and around

the continental regions of the northern hemisphere� Since the locations of some of these

stations may be subject to model�related errors� North American and Eurasian �ux esti�

mates based on varying combinations of the most in�uential stations show shifts of up to

��� Gt C per year�

���� Weighted case � Heterogeneous variance of measurement errors

In this section we explore the e�ect of incorporating varying levels of data uncertainty

at the observation sites when solving for regional �uxes� To account for the heterogeneous

variance of data uncertainty� we employ a weighted least squares estimator instead of the

ordinary least�squares estimator of section ���� The data uncertainty matrix�R�� accounts

now for the di�ering levels of uncertainty at the measurement sites 
e�g��Myers �		��
 thus

�assuming again that errors are uncorrelated��

R� � diag

�

��
�
�

��
� �����

�

�N
� ���

Estimates of regional �uxes� b and the variance�covariance matrix Cb� are given� as

before� by equations � and �� incorporating the new de�nition of R�� It can be seen

that in this case� when R� is no longer equal to ������I� the �ux estimates� b� are now

a function of R� and hence of the various �i� and that the error estimates for �uxes

�derived from the diagonal elements of Cb� no longer have a simple linear dependence on
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��� as they do in the unweighted scenario� In the section below� we discuss the use of the

standard error of the mean measurement as a possible index to characterize the range of

data uncertainty among observation sites�

������ Data uncertainty via standard errors of the measurements� The stan�

dard error of a set of data is an indication of the accuracy with which the sample mean

estimates the population or true mean 
e�g�� Press et al� �		��
 its magnitude� therefore�

provides a measure of the level of statistical uncertainty of the measurement� It is cal�

culated as the residual standard deviation divided by the square root of the number of

data points �i�e�� rsd�
p
N�� For the annual means of the NOAA�CMDL data� the residual

standard deviation is derived from the deviation of the individual �ask measurements from

a �tted curve incorporating a time trend and seasonal components 
Conway et al� �		���

The networks in our study� however� include several stations that do not form part of the

NOAA�CMDL network
 we therefore constructed a proxy for the standard error based on

information provided by the GLOBALVIEW�CO� 
�			� database on residual standard

deviation and annual numbers of observations at each site� A comparison of our estimated

standard errors with those calculated for the NOAA�CMDL �ask measurements for the

period �	����		� �T� Conway� pers� comm� indicated that� in almost all cases� agreement

was to better than ���� ppm�

As shown in Figure �� for network CMDL�ANY� the magnitude of the estimated stan�

dard error varies by more than a factor of �� among stations
 highest values �greater than

��� ppm� e�g�� BAL� are associated with northern hemisphere continental and coastal

stations that are subject to a large degree of variability from local biospheric and fossil

emissions or meteorology� Smallest values �less than ���� ppm� e�g�� MLO� CGO� are
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found at remote ocean sites and in the southern hemisphere� and can be ascribed to the

lower levels of emissions and meteorological variability in these regions�

Using this distribution of the standard error to represent the data uncertainty at sta�

tions� we derive the weighted least squares estimates of the �ux coe�cients b for the

various networks discussed in section ���� The results for the estimate of North Ameri�

can uptake are contrasted in Figure � with the unweighted estimates of section ���� An

additional adjustment made to the standard error based data uncertainties employed in

the weighted estimates of Figure � is the imposition of a minimum level of uncertainty

of ��� ppm� This limit is set because it is unlikely that the data uncertainty� which is

required to account for model�observation mismatch� can be characterized to such levels

of accuracy as as ���� � ���� ppm� as is the case for such remote sites as MLO� Since this

is an arbitrary threshold� the sensitivity of estimates to this and other characterizations

of the measurement uncertainty is examined in section ������

As seen in Figure �� the weighted estimates are less sensitive to di�erent con�gurations of

the network
 in particular� the high estimates for North American uptake are considerably

reduced �e�g�� to ���� � ��� Gt C per year for the F� network�� Estimates obtained using

di�erent networks vary by about ��� Gt C per year� in contrast to over ��� Gt C per

year for the unweighted scenarios� As discussed in Section ���� the large variation among

unweighted estimates from di�erent networks arose from the inclusion or omission of a few

important stations in or around the northern hemisphere continents� In the case of the

weighted estimates� the roles of many of these previously in�uential stations are reduced�

since they are often characterized by higher levels of data uncertainty�
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������ In�uence of individual stations� In Figure � we illustrate the change in

in�uence of individual stations on North American terrestrial �ux estimates for unweighted

vs� weighted estimates �network CMDL�ANY�� Note that from equation �� under the

assumption of variations in �i among the stations� the in�uence matrix Q is no longer

independent of �i
 i�e�� the impact of individual sites on the �ux estimates b depend now

on the local level of measurement uncertainty� In contrast� for the unweighted scenarios

Q is independent of �i� The change in the in�uence of individual stations� illustrated

in Figure �� is de�ned as the the change in qji between the unweighted and weighted

estimates
 i�e�� the elements �qji that arise upon the incorporation of varying �i ��qji �

qjiweighted � qjiunweighted�� We see that the sites that become less important in the weighted

scenario are the northern hemisphere continental and o�shore stations that also display

higher levels of measurement uncertainty �e�g�� TAP� BAL� and some of the SCS and POC

cruise stations�� In contrast� those that gain in�uence in the weighted estimate are sited in

or close to the northern hemisphere continents and characterized by smaller measurement

uncertainty �e�g�� KEY� STM� SHM�� In addition� certain remote ocean sites also display

an increase in in�uence in the weighted estimate by virtue of their very low standard

errors �e�g�� MLO� CHR�� The other networks� GV�ANY� F� and R� demonstrate similar

results
 for example� stations KEY and SHM �gure among the most in�uential sites in

the weighted estimates for all networks�

We also note that in the calculation of weighted estimates from network GV�ANY� the

third most in�uential station becomes RYO
 this is a station of the Japanese Meteoro�

logical Agency� which reports daily averages from continuous measurements� and which is

not included in the other networks� This result stems from our de�nition of data uncer�
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tainty as a function of the standard error of the station measurements
 the uncertainty

at a site thus depends not only on the measured variability �through the dependence on

residual standard deviation� but also on the number of observations determining the mean

measurement� Unlike networks CMDL�ANY and R�� which are composed only of �ask

samples �approximately weekly measurements�� the GV�ANY and F� networks also in�

clude a number of sites where measurements are made with much greater frequency �e�g��

CMN� RYO� ZEP�� Use of the standard error as an index of data uncertainty� therefore�

results in the observations from these higher frequency sampling sites being identi�ed as

better determined than those from �ask sampling sites with similar levels of variability�

Station RYO� therefore� becomes an in�uential site in network GV�ANY due to its small

standard error in combination with its location on continental Eurasia� It has a higher

in�uence on �ux estimates in comparison to a nearby station such as TAP �which has

a similar residual standard deviation� as RYO is characterized by a larger number of

measurements per year �more than six times as many as TAP�� When using data from

such high frequency observation sites it also becomes important to correctly character�

ize the frequency of sampling that will yield independent measurements� Although we

have not accounted for this in our present analysis� autocorrelation procedures such as

those discussed by Prather 
�	��� will provide an indication of the timescales over which

measurements may be considered independent�

������ Sensitivity of weighted estimates to assumptions on measurement

uncertainty� The use of the standard error as an index of uncertainty re�ects strictly

the error in measurements and cannot account for possible systematic errors arising from
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modeled representation of the observations �e�g�� through di�erences in spatial scale or

errors in model transport or emissions��

However� we also note that for the �ux estimates derived from the the weighted method�

ology of equations � and �� it is not the magnitude of the individual uncertainty at the

stations� �i� that is of signi�cance but the relative distribution of �i among the various

stations
 i�e�� if the uncertainty levels derived from the standard error index were scaled

by a factor of � �under the assumption of non�correlated uncertainties as before�� such

that the new levels of measurement uncertainty were given by ��i� the weighting matrix

R� could now be written as�

R� �
�

�
diag


�

��
�
�

��
� �����

�

�N
� ���

Substituting this representation of the weighting matrix into equation � de�ning the �ux

estimates� we see that the �uxes b have no dependence on the factor �� but only on

the relative weights of �i� The same is true for the in�uence matrix Q� Errors in �ux

estimates �derived from the variance�covariance matrix Cb in equation �� vary directly

with �� �as was the case for the unweighted scenario�� If accounting for model errors

does little to alter the relative distribution of the standard error based �i �e�g�� if it is

equivalent to a scaling of the distribution�� then �ux estimates will not change signi�cantly�

though their associated errors will be a�ected� If� however� the added representation of

model systematic error signi�cantly alters the relative distribution of the weighting among

stations� then equation � implies that �ux estimates �and the in�uence matrix Q� will

also change� In the following section we examine the sensitivity of estimated �uxes and

errors to some varying assumptions on the distribution of measurement uncertainty�
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We vary levels of uncertainty in two ways� �a� we examine the impact of a minimum

level of �i �a �threshold� value�� so that remote ocean sites and southern hemisphere

stations characterized by very low standard errors �e�g�� less than ��� ppm� do not overly

in�uence the inversion estimates� Minimum levels of �i are varied from ��� ppm to �

ppm� �b� we contrast a measurement uncertainty distribution based on residual standard

deviation with that based on the standard error�

Results of case �a� for the North American �ux estimates are plotted in Figure 	 for

the four main networks� The �gure depicts the variation in estimates as the minimum �i

value is varied �along the y�axes of all plots�� Also included for comparison on the plots

are the unweighted estimates from each network assuming a constant �� � ��� ppm�

As would be expected� as the minimum threshold level of �i is increased� and the inter�

station uncertainties are �homogenized�� the values of the weighted estimates approach that

of the unweighted estimate� The �uxes from the F� network �which has a large disparity

between weighted and unweighted estimates� thus demonstrate the most sensitivity to the

variations of the minimum threshold level� The greatest shift in estimates takes place as

the threshold is varied from ��� to ��� ppm� since for most of the networks about two�

thirds of the standard error values lie in this range� The main impact on estimates of

the varying threshold for �i is on the increasing magnitude of the �ux errors� Recall that

these are derived from variance�covariance matrix Cb� whose elements are driven by the

magnitudes of the assumed �i �equation ��� The smaller values of the threshold �e�g�� less

than ��� ppm� are probably insu�cient to account for possible model�derived systematic

error� hence the low error values ���� to ��� Gt C per year� associated with the lower

thresholds are likely unrealistic�
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Some recent inversion analyses that assume heterogeneous variance of measurement

uncertainty have relied on indices based on the residual standard deviations from the

GLOBALVIEW�CO� database 
Bousquet et al� �			ab� Peylin et al� �			� Baker ������

Since the standard error is de�ned as the residual standard deviation�
p
N � and since

the majority of stations have similar values of N �based on weekly �ask sampling�� a

set of measurement uncertainties ��i� based on residual standard deviation has a similar

relative distribution �though with di�erent magnitudes� to one based on standard error�

The main variations occur when N is signi�cantly di�erent� as in the case of sites reporting

continuous measurements� In these latter cases� use of the residual standard deviation

�instead of the standard error� to derive data uncertainty will not result in added in�uence

for stations that measure more frequently� Results for a set of sensitivity analyses �similar

to those of Figure 	� using a �i distribution based on residual standard deviation are shown

in Figure ��� The main di�erences from the standard error based analysis of Figure 	

are �a� errors on �ux estimates are much greater� since uncertainties derived from the

residual standard deviation are a factor
p
N larger than those from the standard error


�b� estimates demonstrate greatest sensitivity to the varying threshold through the range

��� to ��� ppm� since for most of the networks this is the range in which about two�thirds

of the residual standard deviation values lie�

�� Location of potential measurement sites

We now explore the potential of the in�uence matrix� Q� as a diagnostic to identify

suitable measurement locations to help constrain the longitudinal partition of northern

hemisphere net terrestrial �uxes� As seen in equation �� the elements of Q do not de�

pend on the observations yobs� but only on the measurement uncertainty encapsulated
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in matrix Ro� We can� therefore� use this property to investigate the value of a variety

of measurement locations in hypothetical networks of stations� so long as we are able to

de�ne the measurement uncertainty at these sites�

We present results calculated for a hypothetical grid of surface stations spaced at in�

tervals of �� degrees longitude and �� degrees latitude �although greater spacing may

be required in some regions to ensure that measurements are spatially uncorrelated��

The results of three assumptions on measurement uncertainty are examined� a� Case

CONST � Measurement errors at all stations are normally distributed with constant

variance ��allstations � ��� ppm�
 b� Case LAND	SEA � Measurement errors at land�

based stations have a higher variance than those at ocean stations ��landstations � ��� ppm�

�oceanstations � ��� ppm�
 c�Case CTMVAR � Measurement uncertainty levels at stations

are computed based on statistics of modeled concentration variability using the GISS II

CTM for a scenario incorporating fossil fuel� terrestrial biosphere and ocean �uxes� The

uncertainty then is calculated according to the following procedures� First� four�hourly

concentration time�series are obtained at the speci�ed gridpoints� In order to obtain in�

dependent measurements from the high frequency time�series� these data are binned into

� day intervals
 the determination of this timescale was based on autocorrelation analysis

performed for pollution tracers in the GISS CTM 
Prather et al�� �	���� Using median

values from the individual bins� the statistics for residual standard deviation and stan�

dard error of the modeled concentration variability are computed in a similar manner to

the methods for NOAA�CMDL �ask data
 i�e�� by analyzing the residual variability after

removing a �tted linear time trend and seasonal components�
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Using these three di�erent scenarios of measurement uncertainty� we calculate matrix

Q according to equation �� The relative importance of the gridded measurement sites

in constraining the North American terrestrial �ux estimate� as quanti�ed by the qji

diagnostic� are presented in Figures �� to ���

Case CONST� which assumes a constant �i suggests that suitable observational sites

are those closest to the signals
 i�e� directly on the northern hemisphere continents �Figure

���� In contrast� case LAND	SEA� which assumes a higher level of measurement uncer�

tainty associated with the land�based continental stations� indicates that determination

of the longitudinal partition of the net terrestrial �uxes is best achieved by measurements

around the continental margins� i�e�� upstream and downstream of the continental sig�

nal �Figure ���� Finally� in Figure ��� we present results for case Case CTMVAR� in

which uncertainty is determined using a measure of modeled concentration variability� As

with the previous case� the most suitable measurement locations are positioned o��shore

around the northern hemisphere continents� In contrast to case LAND	SEA� however�

the distribution is predominantly focused around the southern peripheries of Eurasia and

North America� The primary reason for the de�emphasis on measurement sites in the

mid and high northern latitudes in this scenario� is the higher level of modeled concentra�

tion variability associated with these regions� The resulting high values of measurement

uncertainty render these locations of less value as measurement sites�

We stress that the analysis presented in this section is intended more as an illustration of

the potential of the in�uence matrix diagnostic �qji� than as a speci�c recommendation on

measurement sites� Detailed analyses employing more realistic scenarios of measurement

uncertainty must be carried out before such recommendations can be made� It is also
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important to note that location of suitable stations identi�ed via the in�uence matrix

diagnostic depend very speci�cally on the question addressed� due to the dependence

of matrix Q on the problem�speci�c response functions� Xj� A similar analysis of the

land�sea partition of net CO� �uxes� for example� will yield a di�erent set of suitable

measurement locations�


� Limitations of the inversion method

The inversion method of this study has certain limitations that in�uence derived �ux

estimates and may be partially responsible for the large sensitivity to network con�gura�

tion demonstrated in the early sections� Some of these limitations and their impact on

the results are discussed below�

�a� Solution for �uxes from continental scale regions� As was discussed in Section ������

part of the large sensitivity of terrestrial �ux estimates to a few critical stations �most

notably the SCS stations� resulted from the formulation of the inversion problem based

on three large land regions as in the study of Fan et al� 
�		��
 i�e�� estimation of conti�

nental scale �uxes was often determined by a few peripheral stations and a�ected by their

associated systematic errors� Fan et al� 
�		�� note that this low level of resolution was

employed because the sparse observation network did not permit accurate determination

of �uxes from continental subdivisions and yielded impracticably large estimation errors�

However� other recent inversion studies suggest that use of such large regions may result

in biased estimates and advocate solving at a higher resolution followed by post�solution

aggregation of �uxes� The rationale for this is that the resolution of the estimated �uxes

should be determined by the data and not by an initial imposed distribution which may

result in a restricted solution space 
e�g�� Enting et al� �		�� Kaminski et al� ������

D R A F T June ��� ����� ����pm D R A F T



SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK ��

�b� A prede�ned ocean emissions distribution � This inversion method employs �xed

oceanic �uxes derived from Takahashi et al� 
�		��
 the derived �ux estimates are� there�

fore� sensitive to the accuracy of this distribution� An underestimate of North Atlantic

uptake� for example� is likely� in this three region inversion� to lead to a misallocation

of an ocean �ux component to a northern hemisphere continental region� We note that

some recent inversion studies that solve for both oceanic and terrestrial �uxes �albeit

with di�erent inversion methods� yield results of larger North Atlantic uptake than the

Takahashi et al� 
�		�� values
 e�g�� in their control case� Bousquet et al� 
�			a� obtain a

temperate North Atlantic ���oN � ��oN� uptake of over ��� Gt C per year in comparison to

a Takahashi et al� 
�		�� a priori �ux estimate of ��� Gt C per year� Baker 
����� �Table

����� who has conducted a series of inversions testing the sensitivity of �ux estimates to a

range of parameters� �nds that total North Atlantic uptake increases signi�cantly �to over

� Gt C per year� and North American terrestrial uptake decreases �by ��� Gt C per year�

when solving for oceanic �uxes in comparison to a scenario of �xed oceanic exchanges

derived from Takahashi et� al� 
�		���

�c� Independence of observations � Many recent inversion studies that employ observa�

tions from the GLOBALVIEW database or CMDL network assume that all measurement

sites sample independent airmasses� Thus even sites in close proximity� for example� sta�

tions CMO and OPW� which are at approximately the same longitude and within three

degrees latitude of each other� or the South China Sea ship track measurements� which

are taken three degrees latitude apart� are treated independently in the inversion method�

ology� If� however� such stations are not sampling independent airmasses� this assumption

will result in an overemphasis of the signi�cance of such stations to the analysis� We also
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note that the coarse grid resolution of the transport models �e�g�� the horizontal resolution

of the GISS II CTM is �o latitude � �o longitude� often results in modeled concentrations

being taken from adjacent gridboxes or even the same gridbox when representing such

sites� To gauge the magnitude of this assumption of independence of observation sites on

the �ux estimates� we conducted a very simple sensitivity study in which stations within

three degrees of each other were represented by a single averaged value in the inversion

analysis� The largest impact on �ux estimates were for results from the CMDL�ANY and

F� networks
 �ux estimates for North American uptake dropped by ��� � ��	 Gt C per

year for the unweighted cases� and up to ��� Gt C per year for the weighted analyses�

The main cause of this shift was the de�emphasis of the closely spaced SCS stations
 as

discussed in section ������ �ux estimates� for the unweighted analysis in particular� show

a large sensitivity to inclusion of these stations� We stress that this was a simple exercise

in evaluating the assumption of independence of stations
 a more sophisticated analysis

would account for such factors as regional meteorology at the stations�

�d� Concentrations in excess of South Pole station value � As with the study of Fan et

al� 
�		��� the concentrations employed in this analysis were those in excess of the value

at the South Pole station �SPO�� This site is often chosen for deriving such an o�set as it

is characterized by low variability in measurement and modeled concentrations� As noted

by Baker 
������ however� this procedure may provide a source of error by propogating

any measurement or model errors at the South Pole site to all other stations� A preferable

approach would be to solve for a station independent o�set� as outlined in Baker 
������
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�� Summary

We have examined the sensitivity of a speci�c inversion methodology� namely� a time�

independent analysis similar to that employed by Fan et al� 
�		��� to varying con�gura�

tions of the observational network� Using diagnostics derived from the inversion equations�

we also identify the relative in�uence of individual stations on the continental scale �uxes�

While estimates of the total northern mid�latitude terrestrial uptake are well constrained

by the observations ���� to ���� Gt C per year�� for the unweighted case� �ux estimates

for the separate northern hemisphere continents display a signi�cant sensitivity to the

makeup of the observation station network� Estimates of North American net �uxes� for

example� range from uptake of ��� Gt C per year to e�ux of ���� Gt C per year depend�

ing on the observation network employed� Use of the in�uence matrix diagnostic �Q��

which quanti�es the in�uence of the individual stations on the �ux estimates� indicates

that the unweighted estimates are primarily determined by a few stations in and close to

the northern hemisphere continents� Our analysis displays a particular sensitivity to the

inclusion of the South China Sea �SCS� measurements�

We have also examined solutions to a weighted inversion method� where the measure�

ment uncertainty associated with the stations is not assigned equally but instead varied

to re�ect con�dence in measurement and model values at the sites� Estimates of the

standard error of the measurements were used initially as a weighting approach� North

American terrestrial uptake estimates derived from the weighted approach are lower and

display less sensitivity to observation network con�guration than for the unweighted in�

version� In particular� the previously high uptake estimates are considerably reduced� as

shown in Figure � �e�g�� from ��� � ��� Gt C per year to ���� � ��� Gt C per year for
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the Fan et al� 
�		�� network�� This change is caused by the diminished role of several

continental stations previously in�uential in the unweighted scenario
 these are the sites

that are also characterized by higher levels of data uncertainty�

As part of our analysis of weighted scenarios� we have also examined the in�uence of

di�erent characterizations of measurement uncertainty� It is important to note that for

this inversion method� the derived �ux estimates remain una�ected for variations in the

magnitude of the measurement uncertainty terms� so long as the relative distribution of

�i remains unchanged
 i�e�� the scaling of �i only a�ects the derived errors� Use of the

standard deviation of the station measurements to characterize data uncertainty� as has

been done in some in some recent studies� thus yields similar results for �ux estimates

as use of the standard error
 this results from the fact that although the magnitude of

the standard deviation is larger� its distribution across stations is similar to that of the

standard error since sampling frequencies are often similar� Use of the standard deviation

to characterize measurement uncertainty results� however� in larger values of the estimated

errors� as these depend on the magnitude of �i�

Finally� we illustrate the potential of a diagnostic employed in this analysis� namely�

the in�uence matrix Q� to identify suitable measurement locations for achieving better

constraints on the longitudinal partition of northern hemisphere terrestrial �uxes� Pre�

liminary analyses� relying on distributions of measurement uncertainty derived from the

CTM� suggest increased peripherial measurements around the northern hemisphere con�

tinents�
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SUNTHARALINGAM ET AL�� ESTIMATED CO� FLUXES AND OBSERVATION NETWORK ��

Network Description Stations

CMDL�ANY Any NOAA CMDL stations reporting measurements in �	���	� ��

GV�ANY Any GLOBALVIEW stations reporting measurements in �	���	� ��

F� Station network of Fan et al� 
�		�� ��

R� �Extended� network of Rayner et al� 
�			� ��

Table �� The main observation networks analyzed in this study�
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Figure � � Sensitivity of estimated net terrestrial 
uxes to observation network	 The left�hand and

middle panels show results for North America and Eurasia �north of ��o N�� respectively	 The

right�hand panel shows results for the total northern mid�latitude terrestrial 
ux	 Positive 
ux

values indicate net uptake	 Plotted values ��lled circles� associated with each network denote the

regional estimate and the lengths of the bars represent one standard error for a data uncertainty

level of �� 
 �	� ppm	 Also shown for the main networks are the estimated errors for a data

uncertainty level of �� 
 � ppm �open circles�� and a data uncertainty of �� 
 �	� ppm �crosses�	
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uence of individual stations on estimate of North American uptake via the

diagnostic qji� Network F�	 Unweighted case � homogeneous variance of the measurement errors	
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Figure �� Estimates of North American Uptake � Weighted �right hand panel� vs	 unweighted
�left hand panel�	 Positive 
ux values indicate net uptake	 Plotted values associated with each
network denote the regional estimate and the lengths of the bars represent one standard error	
Results for the unweighted estimates are shown for a measurement error level of �� 
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Figure ��� Sensitivity of weighted estimates to assumptions on measurement error	 Results are

shown for North American terrestrial 
ux for the four main networks	 Measurement uncertainty

levels depicted are based on the residual standard deviation with a varying minimum threshold

level of �	� ppm to �	� ppm �on y�axis�	 Also shown are the estimates of the unweighted scenarios

for each network for a measurement uncertainty level of �	� ppm	
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Figure ��� Location of suitable observational sites as predicted by the Q matrix diagnostic � Case

CONST
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Figure ��� Location of suitable observational sites as predicted by the Q matrix diagnostic � Case

LAND�SEA
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Figure ��� Location of suitable observational sites as predicted by the Q matrix diagnostic � Case
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