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ABSTRACT

We evaluate North American carbon fluxes using a monthly global Bayesian synthesis
inversion that includes well-calibrated carbon dioxide concentrations measured at continental flux
towers. We employ the NASA Parameterized Chemistry Tracer Model (PCTM) for atmospheric
transport and a modified version of the inversion used by the Atmospheric Tracer Transport
Model Intercomparison Project (TransCom) with sub-continental resolution and annual
variability of transport. We sub-sample carbon dioxide time series at four North American flux
tower sites for mid-day hours to ensure sampling of a deep, well-mixed atmospheric boundary
layer. The addition of these flux tower sites to a global network reduces North America mean
annual flux uncertainty for 2001-2003 by 15% to 0.4 Pg yr"' compared to a network without the
tower sites. North American flux is estimated to be a net sink of 1.3 Pg C yr”', within the
uncertainty bounds of the result without the towers. Uncertainty reduction is found to be local to
the regions within North America where the flux towers are located. Including the towers reduces
covariances between regions within North America. We estimated potential future uncertainty
reduction with simulated observations at North American sites that are now or planned to be
instrumented for suitable carbon dioxide measurements.

We also tested a micrometeorological adjustment to surface carbon dioxide
measurements to approximate mid-continental-boundary-layer measurements. This adjustment
can be calculated during mid-day hours using atmospheric measurements commonly available at
flux tower sites. The atmospheric transport models used in global atmospheric inversions often do
not have sufficient spatial or temporal resolution to capture small-scale variability in the
continental boundary layer. We find that using mid-day hours of observations at continental sites,
either with or without the micrometeorological adjustment, allows inclusion of continental sites in
global atmospheric inversions. Increased continental observation density is necessary for

estimating carbon fluxes with finer resolution in space and time.
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PREFACE

Portions of this dissertation are based on multi-authored manuscripts that have been or
will be submitted for publication. Chapter 2 is a modified version of a manuscript submitted to
the International Meteorological Institute in Stockholm and Blackwell Publishing for publication
in the journal Tellus Series B: Chemical and Physical Meteorology special issue for the
International Carbon Dioxide Conference (ICDC8). Material from Chapters 2 and 5 was
presented at this conference. Martha Butler, the author of this dissertation, is the first author of all
of this work. She was primarily responsible for developing the experiments, acquiring the data,
and conducting the data processing, analysis, writing and revisions. Co-authors named in the
footnote for Chapter 2 and committee members were involved in methodological guidance,

editing and funding.
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Chapter 1

Introduction

1.1. Background

This work is a contribution to the ongoing study of the contemporary global carbon cycle
from the perspective of the atmospheric carbon dioxide budget. About half of the anthropogenic
carbon emitted through fossil fuel burning, cement manufacturing and land use change each year
remains in the atmosphere. The other half is being incorporated into natural exchanges of carbon
between the atmosphere and terrestrial vegetation and the ocean surface. Questions remain about
the spatial and temporal resolution of these exchanges and, therefore, about the specific
mechanisms involved. Transport and mixing in the atmosphere, at short time scales compared to
geological mechanisms, further confound the problem. Understanding the causes of the annual
variability of the exchanges is an additional goal.

Decades of precise measurements of carbon dioxide in the atmospheric boundary layer
and ocean surface layer have made clear that there is a latitudinal gradient in carbon dioxide that
points to a carbon sink in the Northern Hemisphere as a missing term in the atmospheric carbon
budget. Tans et al. (1990) showed that the north-south gradient of carbon dioxide concentration
and the best available air-sea flux estimates dictated that this sink is terrestrial and in the Northern
Hemisphere. Different approaches and different time periods of study yield little agreement as to
whether this terrestrial sink may be in North America or Eurasia. We do know that the annual
variability of the exchanges is dominated by terrestrial fluxes, and yet the measurements of

carbon dioxide have been primarily sampling marine boundary layer air. Incorporating



measurements from the continental boundary layer into the diagnosis of the spatial and temporal
resolution of these exchanges is the focus of this work.

The history of the development of the global atmospheric inversion as an approach to the
problem of determining global carbon sources and sinks is documented in Chapter 14 of Enting
(2002). Earliest attempts to tackle the problem from the atmospheric perspective began with basic
mass balance methods using box models. The inversion method used in the experiment described
in this work evolved as computing resources have grown, making it possible to use simulated
transport in place of simple exchange rates between atmospheric boxes. For an idealistic view of
the synthesis inversion method used in this work, imagine a gridded atmospheric model with
perfect transport. Assign a unit amount of constant carbon dioxide emission to each surface layer
grid cell to model the exchange between atmosphere and land and atmosphere and ocean. Run the
transport model long enough to establish a stable spatial pattern of the carbon dioxide in the
whole model atmosphere. Assume that there is a precise measurement of carbon dioxide in real
space corresponding to every grid cell in the model atmosphere. Compare the transport model
predictions in each grid cell to the precise measurements. An inverse method is used to find the
adjustments to the unit surface grid cell emissions to make the model predicted data match the
measurements. In reality, we do not have optimally distributed precise measurements, and the
transport models are not perfect. We have a mixed-determined problem (Menke, 1984), where
there may be more than one solution that fits the available measurements. For example, a
measurement of the carbon dioxide mixing ratio could be consistent with either small local
emissions or large emissions at a distance that have been transported and mixed throughout the
atmosphere. The spatial distribution of measurements is not of high enough density to determine

which of these is correct.



1.2. Assumptions and Definition of the Problem Space

To make the problem tractable, two strategies are typically used: reduce the number of
model parameters and add prior information as a first guess to the eventual solution. Both
strategies are used in this work. The most obvious reduction in model parameters is spatial
reduction, solving for fluxes in large regions. This strategy has been used in similar research
where the regions are defined at continent and ocean basin scale (e.g., Gurney et al., 2002). As
others have done (e.g., Patra and Matsyukov, 2003), we divide most of these large regions to test
whether the increased number of observation sites we use is enough to constrain smaller regions.
Earlier inversions also solved for annual mean fluxes over periods of five years or more (Gurney
et al., 2002) or a seasonal mean representative of a climatologic year (Gurney et al., 2004). In this
work we solve for each region and month (e.g., Baker et al., 2006) over a period of five years, not
enough to establish long term trends, but enough to show some degree of annual variability.

Although the global carbon dioxide observation network is growing, it is still sparse for
use in global atmospheric inversions. Efficient atmospheric mixing and spatial gaps in the
observation network conspire to make the problem ill-defined. We use existing estimates of
anthropogenic emissions from fossil fuel and biomass burning and cement manufacturing, as well
as natural terrestrial and ocean fluxes as a starting point. These are referred to as background
fluxes in this work. The ocean and terrestrial exchange background fluxes are adjusted within the
constraints of assumed uncertainties in these background exchanges. Fossil fuel and biomass
burning emissions are assumed to be well-defined and are accepted as truth. If they are not
correct, then the adjustments to the terrestrial and ocean fluxes will include the changes to these
fixed fluxes; the inversion-determined adjustments are made to the overall net fluxes.

The changes to the methodology used in this project are evolutionary, not revolutionary;

we address some, but not all of the assumptions made in previous work. These assumptions and



their impact on our understanding of the inversion results are discussed in Chapter 3 and in the
summary in Chapter 6. Other methods have also used to attempt to achieve the same goals. Each
of these methods is subject to its own limitations. The Bayesian synthesis inversion method that
we use can still be useful as, for examples, a first assessment of incorporation of column averaged
carbon dioxide measurements from space or to determine boundary conditions for regional
atmospheric inversions. The method can also be expanded, as others have done (Rayner et
al.,1999; Peylin et al., 2001) to incorporate measurements of BC0, and Oy/N, in an effort to

distinguish between land and ocean fluxes.

1.3. Dissertation Outline

Chapter 2 contains the description of the global atmospheric inversion method and the
impact on the North American flux uncertainty of including continental, quasi-continuous
observations of carbon dioxide. The control inversion, the continental extension network
inversion in Chapter 2, is the basis for the sensitivity tests of the method in Chapter 3. Chapter 4
covers issues of sensitivity to network design choices. Chapter 5 introduces a
micrometeorological adjustment to continental surface measurements of carbon dioxide to
approximate mid-boundary-layer values, the virtual tall tower (VTT) adjustment. Results are
presented for a variation of the control inversion in which VT T-adjusted observations at North
American flux towers are used in place of the surface observations at these locations. The impact
of future North American observation sites is also explored in Chapter 5 with inversions using
simulated observations at locations currently instrumented for carbon dioxide measurements
calibrated to global standards. Chapter 6 is a summary of the findings and recommendations for
future network design and use of the global atmospheric inversion method. Assumptions are also

reassessed in light of the findings. The Appendix contains material that is common to the entire



work including data sources, observation site details and citations, and composition of the

networks of observing sites used in the inversion variations.



Chapter 2

Impact of Continental, Quasi-Continuous Observations of Carbon Dioxide in
the Estimation of the North American Carbon Sources and Sinks'

2.1. Introduction

About half of the anthropogenic carbon emitted into the atmosphere remains in the
atmosphere each year. The remainder is taken up by the ocean and terrestrial ecosystems through
the processes responsible for the natural exchange of carbon between the atmosphere and
terrestrial vegetation and the surface ocean (Forster et al., 2007; Denman et al., 2007). Numerous
studies (Myneni et al., 1999; Nemani et al., 2003; Potter et al., 2003) show that climate cycles,
local weather, and ecosystem conditions all affect the interannual variability of this uptake of
carbon. Our understanding of the mechanisms governing the dynamics of the carbon cycle has
been hampered by a limited ability to locate and quantify these exchanges at sufficiently fine
temporal and spatial resolution (Bousquet et al., 2000; Gurney et al., 2002; Ciais et al., 2005;
Baker et al., 2006; Peters et al., 2007). Accurate and precise quantification of sources and sinks at
regional and continental scales is likely to be increasingly important for evaluation and
monitoring of carbon management policies.

Global atmospheric inversions have been used to infer sources and sinks of carbon (both
natural and anthropogenic) at continental and ocean basin scales from atmospheric measurements
of carbon dioxide using tracer transport models. Model intercomparison projects, including the

TransCom (Atmospheric Tracer Transport Model Intercomparison Project) series (Gurney et al.,

' This chapter is a modified version of a manuscript submitted to the International Meteorological Institute
in Stockholm and Blackwell Publishing for publication in Tellus B: Chemical and Physical Meteorology:
Butler, M.P., Davis, K.J., Denning, A.S. and Kawa, S.R. Using continental observations in global
atmospheric inversions of CO,: 1. North American carbon sources and sinks.
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2002; Gurney et al., 2004; Baker et al. 2006), have been designed to attribute the uncertainties in
the continental and ocean basin fluxes estimated by this method. These studies show that
transport model differences and the uneven and sparse global distribution of atmospheric carbon
dioxide measurements both contribute to the uncertainty of the inverse flux estimates. While
transport models are improving and the global measurement network for carbon dioxide is
expanding, there is still a fundamental representation error (Kaminski et al., 2001; Engelen et al.,
2002) inherent in the global atmospheric inversion method. There is a mismatch in space and time
resolution between the transport models (grid boxes and minutes), the observations (points in
space and time), and the inversion solution (continents or sub-continents and months or weeks).
Observations, subject to local atmospheric variations, and transport models, for which the
mesoscale atmospheric variations are sub-grid scale, constrain continental and ocean basin
results. If the inversion solution is at the continental scale, the continental results cannot be
effectively separated by sub-regions within the continent. The strengths of this continental-scale
global inversion method are the minimum number of unknowns and the global coverage. The
strong and uncertain assumptions about correlations of fluxes in space and time are a weakness.
The assumptions, however, are essential; surface observations will always be uneven and sparse.
The ideal situation would be to invert on the grid and time scale of the transport model
(Engelen et al., 2002). Global atmospheric inversions at the spatial resolution of the transport
model (e.g., R6denbeck et al., 2003a; Peters et al., 2007; Mueller et al., 2008; Gourdji et al.,
2008) aim for the finest resolution possible to minimize representation assumptions. Regional
atmospheric inversions target a geographically limited domain with finer spatial and temporal
resolution (Gerbig et al., 2003; Peylin et al., 2005; Lauvaux et al., 2008; Schuh et al., 2009).
Both of these approaches involve many more unknowns, which cannot be resolved independently
given the current observation density. The underlying assumptions may be minimized, but at the

expense of complexity and computational costs.
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In this experiment we take a pragmatic, middle-ground approach to the big-region global
inversion by choosing a number of regions roughly matched to the observation density currently
available. We expect that posterior uncertainties and spatial correlations will be reduced, and that
the problem will be computationally tractable using simple inversion methods. Inversion results
can be aggregated to the larger TransCom continental regions for comparison with published
results. We can also test the ability of the expanded network to constrain the smaller regions with
this method.

Typically, global atmospheric measurement network sites have been chosen to facilitate
sampling background concentrations of trace gases including carbon dioxide. These background
measurement networks have yielded important understanding of interhemispheric gradients in
carbon dioxide mixing ratios (Tans et al., 1990; Denning et al., 1995; Keeling et al., 1996) and of
the mean annual cycles of carbon emissions and uptake (e.g., Keeling et al., 1995). These data,
however, provide limited understanding of the continental carbon cycle. We cannot diagnose
continental or regional scale fluxes and determine factors influencing terrestrial fluxes without
observing sites over the continents. Continental carbon dioxide measurements are characterized
by strong diurnal and seasonal cycles that reflect a combination of biological fluxes and
atmospheric boundary layer dynamics (Bakwin et al., 1998; Yi et al., 2001; Davis et al., 2003).
Continental data also contain strong gradients driven by weather (e.g., Hurwitz et al., 2004; Wang
et al., 2007; Parazoo et al., 2008). These strong, rapidly varying gradients may be difficult to
simulate, but the continental data contain information needed to resolve regional sources and
sinks of carbon with increasing spatial and temporal resolution.

In this paper we use the Bayesian synthesis inversion method to demonstrate the impact
of including more continental measurement sites in the global measurement network. The added
sites are long-running eddy covariance flux towers with high precision carbon dioxide

measurements calibrated to global standards. Carbon dioxide measurements at flux towers do not
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need to be calibrated to global standards for the calculation of net ecosystem exchange of carbon
dioxide using the eddy covariance method. The sites used in this study, however, are part of a
growing network where the calibration to global standards is done with the intent of providing
data suitable for application to atmospheric inversion studies. The five towers chosen have data
available during the 2000-2004 time period of this study. The potential effect of adding
increasing numbers of well-calibrated flux towers will be explored in future research.

We focus here on the effect on the North American carbon balance, recognizing the
danger that, in an ill-conditioned problem such as this, increasing the density of observations in
North America can introduce dipoles (attributing fluxes to North America based on the
observations, and offsetting these with opposing fluxes in less well-constrained regions). With
the exception of Boreal Asia, the Northern Hemisphere is well represented in the networks tested.
Concentrating observation sites in North America and Europe may result in compensating fluxes
in Boreal Asia and northern ocean regions. Published inversion results do not necessarily agree
on the partitioning between Northern Hemisphere land regions, nor do they agree with bottom-up
estimates of carbon fluxes from biogeochemical models. Using the example of the balance
between Europe and extratropical Asia land sinks found in recent inversions, some results find a
larger sink in Europe (Baker et al., 2006; Mueller et al., 2008) and others in Asia (Peters et al.,
2007; Rodenbeck et al., 2003a; Rodenbeck et al., 2003b). We will examine our results in this
light, but concentrate on the uncertainty improvement of the added measurement sites in this
paper.

In Section 2.2 we describe the estimation method. In Section 2.3 we present global and
North American results for two typical global measurement networks and a third network
including five additional continental sites. Section 2.4 includes a discussion of issues. We
conclude in Section 2.5 with recommendations for applicability of the method to future

experiments.
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2.2. Methods

2.2.1. Estimation Method

The Bayesian synthesis inversion method used is shown in Figure 2.1 and described by
Enting (2002) and Tarantola (2005), with the experimental protocol (Gurney et al., 2000)
following closely that of the TransCom interannual variability model intercomparisons (Baker et
al., 2006; Gurney et al., 2008). We depart from the TransCom inversion method in a few
important respects. 1) For observation data, we use monthly means and standard deviations
derived directly from site observations of carbon dioxide instead of using a smoothed data
product and imposed uncertainty. 2) We use interannually varying meteorological driver data in

our transport modeling. 3) Finally, we include biomass burning emissions explicitly.
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Figure 2-1: Overview of the Bayesian synthesis inversion method
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The solution is for monthly carbon source/sink estimates (2000-2004) for 47 sub-
continental regions and ocean basins using monthly mean carbon dioxide mixing ratio
measurements. Figure A-1 shows the region definitions and Figure 2-2 the locations of the
observing sites. The problem is ill-constrained due to the sparse and uneven distribution of
observations; the method solves for adjustments to natural land- and ocean-atmosphere exchanges
(referred to here as background fluxes) within the constraint of imposed prior uncertainties. Fossil
fuel emissions and biomass burning emissions are assumed to be correct and not adjusted in the

inversion process.
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Following Baker et al. (2006), the atmospheric carbon dioxide at a measuring site can be
represented as the linear combination of the responses at the location to the background fluxes

and to the unknown adjustment fluxes from each of the regions and months,

cobs = cfwd +Hx (2 1)
where ¢, is the time series of monthly carbon dioxide observations (length of vector is number
of observation sites x 60 months), ¢, 1s the modeled concentration time series using the

background fluxes, H is a transport matrix (described below), and x are the unknown monthly
adjustments to the background terrestrial and ocean fluxes (length of vector is 47 regions x 60
months).

Solving for the unknown monthly adjustments X is done using a singular value

decomposition approach (Rayner et al., 1999) to the minimization of the cost function

J = (€yps —Cppa — HX) R (€, —€pa —HX) +(x—%,) P! (x—%,) (2.2)

obs

where R is the covariance matrix specifying the observation, transport and representation error,

X, are a priori estimates of the solution, and P, is the covariance matrix of uncertainties of these

a priori estimates. In this experiment both R and P, are described by diagonal matrices, as has
been common practice. This cost function minimization is a least squares solution weighted by
the variability of the observations and penalized for deviation from the a priori estimates. The
analytical solution for the flux adjustments X is

R=(H'RH+P;') (H'R (cy, —€oa) + P, ) 2.3)
and the a posteriori covariance matrix of flux errors P is isolated from

P ' = PO_] +H'R'H (2.4)
allowing explicit examination of the covariances for independence of the solution. This analytical

posterior uncertainty is a function of the uncertainty of the prior flux estimate and the uncertainty
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attributed to the observations and assumes that the method is appropriate to the problem. As a
consequence, the accuracy of the posterior covariance matrix is a function of the accuracy of
assumptions inherent in the a priori uncertainty and data uncertainty assignments. Another
product of the inversion method is a set of predicted observations, the carbon dioxide
concentration values that would be expected at each observation site given the a posteriori flux
solution. The predicted observations provide a basis for analysis of the data residuals, which
cannot be done with the fluxes.

The analytical solution delivers an adjustment to the background fluxes for each region
and month in 2000 through 2004. Results for the central years 2001-2003 are retained for
analysis. The first and final year of the solution are discarded to minimize edge effects, including
inaccuracies introduced by the spinup method described below and the length of time it takes an
atmospheric signal to reach distant observation sites. All results reported here are the adjusted
land and ocean fluxes including the assumed biomass burning emissions for each month in order
to compare with published results. The assumed background fossil emissions are not included.

Choices for the components of the method shown in Figure 2-1 follow.

2.2.2. Background Fluxes

The terrestrial background flux is the interannually varying hourly SiB3 terrestrial flux
(Baker et al., 2007) as prepared for the TransCom continuous experiment (Law et al., 2008; Patra
et al., 2008). An alternative terrestrial flux, the CASA monthly climatology (Randerson et al.,
1997) used in previous TransCom experiments, is also tested to investigate the solution
dependence on the terrestrial background flux used and the time resolution of the flux. The ocean
background flux is the monthly climatology of Takahashi et al. (2002), also as used in the

TransCom continuous experiment. Two fossil fuel emissions fluxes are tested: the seasonally
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varying emissions described by Erickson et al. (2008) and a non-seasonally varying version. Both
are based on the 1995 spatial distribution of Brenkert et al. (1998) and Li et al. (1996), with
annual totals scaled to the appropriate years based on Marland et al. (2007). The interannually-
varying monthly biomass burning emissions are from the Global Fire Emissions Database version
2 (GFED2) (Giglio et al., 2006; van der Werf et al., 2006). Each background flux (4 tracers x 5
years) is regridded to the horizontal spatial grid of the transport model and used as a surface
boundary condition for a forward run from the beginning of the applicable year to the end of

2004. The model output is sampled hourly to allow for matching of sampling between model and
observations (see section 2.2.8.) when constructing the ¢, time series represented in Equation

2.1.

2.2.3. Transport Response Functions

The 47 regions specified for the solution are shown in the Appendix in Figure A-1 and
Table A-1. The 11 ocean regions are the same as those used in the TransCom experiments. The
36 land regions are conformable to the TransCom land regions. The Boreal Asia, Temperate Asia,
Tropical Asia, and Australia regions are defined as in TransCom. Remaining TransCom regions
are sub-divided into sub-regions: Boreal North America (3 regions); Temperate North America
(7); Tropical America (3), Temperate South America (2), Europe (7), Northern Africa (5) and
Southern Africa (5). These continental regions are sub-divided to test the size of the regions for
which flux solutions can be constrained given current and future observing networks. The results
for these regions are aggregated to larger regions for reporting and comparison with published
results.

To construct the transport matrix H, emissions of known magnitude (one month duration

at an annual rate of 1 Pg carbon emission) are run forward as inert species through the transport
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model for each region-month (47 regions x 12 months x 5 years), beginning in the applicable
month and year and ending after 25 months of transport or the end of 2004. Model output is
sampled hourly at each observation location through the 25 months (or less) of each region-month
transport run, and then assumed to remain at a constant well-mixed, residual level after the
transport is terminated through the end of 2004. Longer transport runs showed that the
assumption of a well-mixed concentration beyond 25 months is justified.

The flux pattern within each terrestrial region is based on annual NPP simulated by
CASA monthly climatology (Randerson et al., 1997), scaled to the transport model grid cells
within each region. The pattern is derived from the similar regional patterns in the TransCom
experiments (Gurney et al., 2000) and regridded to the spatial resolution of the transport model
used here. There is no variation by model grid cell within the ocean regions. These flux patterns
constitute a hard constraint in this inversion method. The inversion solution specifies the
adjustment to the background flux for the region as a whole; the distribution of the flux within the

region is fixed by this flux pattern.

2.2.4. Tracer Transport Model

The tracer transport model used in this experiment is the Colorado State University
version of the NASA Parameterized Chemistry Tracer Model (PCTM), described in Kawa et al.
(2004) which has participated in TransCom experiments. Winds, temperatures, diffusion
coefficients, and convective mass fluxes are from the NASA Goddard Earth Observation System
4 (GEOS-4) data assimilation system (Bloom et al., 2005). The 6-hourly meteorological driver
data are linearly interpolated to the 15-minute time step of the model. The model is run on a 2.5°
longitude by 2.0° latitude grid, with 25 hybrid vertical layers. The model exhibited intermediate

performance in the TransCom Interannual Variability model intercomparisons (Baker et al., 2006;
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Gurney et al., 2008) and is also one of the three transport models used in the Gurney et al. (2005)
study of the potential bias in inversions caused by using non-varying background fossil
emissions. PCTM was chosen for its intermediate performance among the TransCom models with
relatively strong trapping of non-varying fossil fuel emissions but a relatively weak rectifier for
the terrestrial background flux due to seasonal differences in the vertical mixing close to the
model surface. Additional detail about the transport model performance can be found in Parazoo
et al. (2008).

To establish the atmospheric interhemispheric gradient of carbon dioxide, we used a spin
up procedure that differs from the technique used in TransCom-IAV (Baker et al., 2006). In
TransCom —IAV, the same 36 months of response to the background fluxes (with appropriate
annual scaling for the fossil fuel emissions) are reused each year in the construction of the
transport matrix H . The first few years in the transport matrix do not contain residual responses
from earlier years; standard practice is to discard the first few years of the inversion solution
before analysis of the results. In our case, we have added residual second, third, and fourth year
responses to the background fluxes to the first year (2000) responses to represent cumulative
responses from the prior years (1999, 1998, and 1997). We then discard this first year of the
inversion results before analysis to minimize any potential effects of this spinup method. There
will be inconsistencies to the extent of the differences between the proxy and actual features of
meteorological driver data and annually varying spatial patterns of the terrestrial and biomass

burning background fluxes.

2.2.5. A Priori Constraints

The a priori constraint consists of a source/sink term and an uncertainty specification for

each region-month flux adjustment in the inversion solution and for the background fluxes. The
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region-month a priori adjustments in this experiment are set at zero, implying “no correction” to
the fossil fuel and biomass burning background emissions and no additional land-use change
terrestrial flux. The terrestrial background flux is annually neutral; the ocean background flux
specifies a global annual sink of 1.6 Pg C; biomass burning emissions are ~2 Pg C annually;
fossil flux emissions are ~7 Pg C annually for this period. In order to balance the global growth in
atmospheric carbon dioxide concentration, there is an expectation that the inversion-adjusted

terrestrial and ocean region-month fluxes will be a net sink. The region-month uncertainties

(diagonal values in the P prior flux covariance matrix) vary by month, summing globally to 5.4
Pg C annually. This range is larger than the 2.76 Pg C annual uncertainty used in the TransCom
interannual variability control (Baker et al., 2006) and network sensitivity (Gurney et al., 2008)
experiments. The magnitude of the monthly uncertainties is intended to be loose enough to allow
the inversion to make substantial adjustments to the background terrestrial and ocean fluxes while
remaining biogeochemically realistic. These region-month uncertainties are calculated as the sum
of the magnitudes of three months of the applicable background flux (terrestrial or ocean) for the
region centered on each month. This allows the inversion “room” to correct for timing differences
in seasonal cycles and generally allows for more latitude for adjustment in months when the

fluxes are of largest magnitude.

2.2.6. Observation Networks

Observation site locations are shown on the map in Figure 2-2. A list of the agencies
supporting carbon dioxide measurement programs is in the Appendix in Table A-2. Complete
lists of all observation sites including site names, locations, responsible agencies, and ranges of
monthly variability of the observations can be also be found in the Appendix in Table A-3 (quasi-

continuous measurement programs), Table A-4 (discrete surface measurement programs) and
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Table A-5 (discrete aircraft measurement programs). A cross-reference of observation sites by
site code and network composition for the networks Chapter 2 is given in Table A-8. The
observation sites include observatories, tall towers, flask sampling sites, and an aircraft vertical
profile from the NOAA ESRL network (//www.esrl.noaa.gov/gmd/ccgg/index.html), sites from
other measurement programs with data archived at the World Meteorological Organization
(WMO) Global Atmosphere Watch World Data Center for Greenhouse Gases
(//gaw .kishou.go.jp/wdcgg/wdcgg.html), and carbon dioxide time series from five flux towers.
The goal is to use measurements calibrated to the WMO standards for carbon dioxide (Tans et al.,
2003; Zhao et al., 1997; Zhao and Tans, 2006). Calibration to WMO standards across multiple
measurement methods and agencies has proved to be a challenge (Masarie et al., 2001). Law et al.
(2003) show that the impact of inter-agency calibration offsets can be accommodated in
inversions on synoptic time scales (~5days), but may be significant on the monthly time scale we
use in this experiment. To the extent that we have included observations from multiple
measurement programs, we may have introduced bias into our results.

Stations are selected based on data availability to minimize bias introduced by gap filling.
An upper limit of 12 missing months during the 2000-2004 time period was allowed, with a few
exceptions for sites which began operation after 2000 (tall tower in Moody, Texas; flux towers at
Southern Great Plains and Tapajos). This requirement prohibited the use of a number of sites that
would be used if a smoothed, extrapolated data product such as GLOBALVIEW
(GLOBALVIEW-CO2, 2007) were used. Three networks are tested in this experiment. The first
is a 54-site base network, sourced from three agencies: National Oceanic and Atmospheric
Administration Earth System Research Laboratory (NOAA ESRL), Environment Canada (EC),
and CSIRO Marine and Atmospheric Research GASLAB in Australia. All of the observation
sites in this network are also used in CarbonTracker (Peters et al., 2007; CarbonTracker 2008,

http: //carbontracker.noaa.gov); we cannot use some of the CarbonTracker network sites due to
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the completeness of record requirement of our method. An 86-site enhanced network includes
sites from other agencies, including high altitude aircraft and mountain top sites, archived at the
World Data Center for Greenhouse Gases. These sites are used to improve global coverage. The
last network, the 91-site continental extension network, adds the five flux tower observation sites.
A primary objective of this experiment is to show the effect on the inversion estimates of

including the four added North American continental sites.

2.2.7. Observation Data Preparation

Observations are selected with minimal screening for data quality issues identified by the
observing agencies. For quasi-continuous continental sites, mid-day hours are selected (12-16
LST (local standard time)), except for mountain top sites where mid-night hours are used. This
selection is intended to maximize the contribution to the monthly mean of the hours representing
well-mixed atmospheric conditions; these are conditions most likely to be modeled correctly in
the tracer transport model. Monthly means are calculated from all available hours in the daily
selection time periods without regard to meteorological conditions. Data uncertainties are
computed as the standard deviations of these monthly means, with an imposed minimum of 0.50
ppm. These uncertainties are used to populate the variances in the diagonal of the data covariance
matrix R (Equations 2.1, 2.3, 2.4).

For this analytical solution method it is necessary to fill gaps in the data for months with
no observations. For observation sites that are represented in GLOBALVIEW (GLOBALVIEW-
CO02, 2007), gaps are filled with the average of the GLOBALVIEW site data for the weeks
corresponding to the month to be filled. For stations with no GLOBALVIEW representation, a
climatology is constructed of the monthly departure of existing observations at the station from

the GLOBALVIEW marine boundary layer (MBL) value for the station latitude. This difference



20

climatology is applied to the MBL value for the missing months to fill the gap. The uncertainty
for each gap-filled month is assigned as either the climatologic observation variability for the
month for the station in 2000-2004 or a mean variability for all months with existing observations
for the 2000-2004 time series for the station.

We have not added an additional model-data mismatch error to the data uncertainties in
R to account for errors in model transport or the representation of regions by points (observation
sites); we have assumed that the monthly variability of the observation time series accommodates
the additional error. As this is not likely to be true, we will revisit this decision in Chapter 3.
Table A-3, Table A-4, and Table A-5 include the range of monthly variability for each station.
Compared to the TransCom interannual variability experiment (Baker et al., 2006), these
uncertainties are larger by ~0.20 ppm at the minimum and up to two times larger at the maximum
for remote sites. For continental and coastal sites, the minimum uncertainties are comparable and
maximum uncertainties are at least as large as those in Baker et al. (2006), which used a
smoothed data product for the observation data time series and included model-data mismatch

error for some observation sites.

2.2.8. Model Sampling

Model sampling is accomplished by saving vertical profiles of tracer concentration,
pressure and temperature at the model grid cell nearest to each observing site hourly for the
duration of the forward runs of the tracer transport model. Coastal stations are sampled in an off-
shore grid cell to approximate observation protocol for flask sampling of background air. For
surface observing stations the concentration samples are taken from the surface layer in the
chosen grid cell. For elevated stations, vertical pressure interpolation is used to resolve the

concentration sample to an equivalent elevation. Monthly mean model sample concentrations and
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standard deviations are calculated from the same hours for which observations are chosen, a
concept referred to as co-sampling (Peters et al., 2007). For flask and aircraft observation sites
(discrete, rather than continuous, sampling), three hours of model samples centered on the hour of
the observation are used to smooth discrepancies in timing of weather events in the transport.
Monthly mean model samples are then calculated from these co-sampled hours from the forward
runs for each of the region-month pulses and the background fluxes. The transport matrix H
(equation 2.2) is populated with the monthly mean concentration responses at the observation
sites to the region-month pulses and background fluxes.

In the event of a month-long gap in the observation data, a default model sampling
strategy is required. In this case, model samples are chosen from the same hours that an
observation sample would have been taken (daily selected hours for quasi-continuous sites and on
five days during the month for flask sampling sites). The default hours for flask sampling are
based on the distribution of hours when samples were taken during 2000-2004 at the respective
sampling sites. Monthly means computed from these selected hours are used to fill in the gaps in

the co-sampled transport matrix H .

2.3. Results

2.3.1. Global Results

Figure 2-3 shows the mean annual sources and analytically-derived uncertainties for the
analysis period (2001-2003) for the three networks tested (triangles for the base network,
diamonds for the enhanced network, and squares for the continental extension), aggregated to the
22 TransCom continent and ocean basin regions. Results for the continental extension network

are also listed in Table 2-1 and Table 2-2. All results are adjusted fluxes including the fixed
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biomass burning emissions, but not the fossil fuel emissions. This convention allows comparisons
to previous work in the literature. Error bars in these figures are + the mean annual uncertainty
from the posterior covariance matrix, taking into account off-diagonal values wherever the results

are aggregated from the region-month level.
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Figure 2-3: 2001-2003 mean annual estimated flux and uncertainty in Pg C yr' for a) aggregated
land and (b) ocean regions for 3 networks: 54-site base network (triangles), 86-site enhanced
network (diamonds) and 91-site continental extension network (squares). CarbonTracker 2008
results for the same time period are shown for reference (circles). Fossil emissions are not
included.
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The CarbonTracker 2008 (http: //carbontracker.noaa.gov) results for the same time period
are shown as a benchmark reference (circles in Figure 2.3). For all three networks in our
experiment the increase in the global atmospheric burden of carbon (from the net of the estimated
global sink and the assumed biomass burning and fossil fuel emissions) is consistent within 0.1
Pg C yr' with the ~+2.1 ppm average annual increase in global surface carbon dioxide for this
period. The proportion of the global sink attributed to land regions across the three networks
(54% for the base network, 44% for the enhanced network, and 47% for the continental

extension), shows, at the global level, some sensitivity of the solution to the composition of the
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Table 2-1: Spatial resolution of the inversion with prior specifications and 2001-2003 mean
annual posterior flux solution for the continental extension network. All units are Pg C yr'. Net
Post. Flux includes biomass burning emissions, but not fossil emissions.

Annual Mean Prior Specifications Annual Mean Posterior
Results
Prior Prior Fossil ~ Burning Post. Net Post.
Flux Error Emiss. Emiss. Flux Post.  Error
Flux
Land Regions
Boreal North America
Western Boreal 0.00 1.09 0.01 0.01 -0.16 -0.15 0.36
Northern Boreal 0.00 0.22 0.00 0.00 0.02 0.02 0.18
Eastern Boreal 0.00 0.62 0.00 0.01 0.12 0.13 0.22
Temperate North America
Pacific Northwest 0.00 0.47 0.08 0.01 -0.43 -0.42  0.35
Central Plains 0.00 0.55 0.14 0.00 0.09 0.09 0.20
North Central 0.00 0.30 0.13 0.00 -0.10 -0.10  0.13
Northeast 0.00 0.84 0.78 0.00 -0.72 -0.72 024
Southwest 0.00 0.16 0.30 0.00 -0.10 -0.09  0.08
Southeast 0.00 0.37 0.38 0.00 -0.08 -0.07  0.25
Subtropical 0.00 0.21 0.07 0.00 -0.03 -0.02  0.19
Tropical America
Central America 0.00 043 0.11 0.05 0.01 0.06 0.35
Northern Amazon 0.00 0.75 0.03 0.04 -0.07 -0.04 0.49
Southern Amazon 0.00 0.90 0.00 0.11 0.09 0.19 0.75
Temperate South America
Northern 0.00 1.53 0.12 0.12 0.56 0.68 0.89
Southern 0.00 0.27 0.01 0.00 0.00 0.00 0.25
Northern Africa
Mediterranean Coast 0.00 0.14 0.05 0.00 0.11 0.11 0.11
Northern Arid 0.00 0.14 0.04 0.00 -0.03 -0.03 0.13
Northern Dry Savanna 0.00 0.67 0.01 0.12 -0.04 0.08 0.58
Northern Mesic Savanna 0.00 1.10 0.02 0.48 0.22 0.70 0.73
Horn of Africa 0.00 0.17 0.00 0.01 0.00 0.00 0.17
Southern Africa
Western Forest 0.00 043 0.02 0.06 -0.07 -0.01 0.42
Southern Mesic Savanna 0.00 1.39 0.01 0.46 -0.93 -0.47 0.63
Southern Dry Savanna 0.00 0.34 0.10 0.06 -0.16 -0.09  0.27
Southern Arid 0.00 0.14 0.00 0.00 -0.04 -0.04 0.14
Madagascar 0.00 0.14 0.00 0.02 -0.01 0.01 0.14
Boreal Asia 0.00 3.42 0.14 0.21 -0.69 -0.48 0.49
Temperate Asia 0.00 0.95 2.16 0.04 0.01 0.05 0.33
Tropical Asia 0.00 0.47 0.53 0.24 -0.37 -0.13 0.31
Australia 0.00 0.51 0.10 0.16 -0.30 -0.14 0.38
Europe
British Isles 0.00 0.14 0.18 0.00 -0.01 -0.01 0.12
Scandinavia 0.00 0.36 0.08 0.00 0.01 0.01 0.14
North Central 0.00 1.69 0.49 0.03 -0.83 -0.80  0.55
Western 0.00 0.28 0.31 0.00 0.03 0.03 0.15
Interior Central 0.00 0.39 0.41 0.00 -0.08 -0.08 0.17
Eastern 0.00 0.71 0.32 0.01 0.45 0.46 0.34

Iberia 0.00 0.16 0.09 0.00 0.04 0.04 0.14
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Table 2-1 (continued)

Annual Mean Prior Specifications Annual Mean Posterior
Results
Prior Prior Fossil  Burning Post. Net Post.
Flux Error Emiss. Emiss. Flux Post.  Error
Flux
Ocean Regions
North Pacific ~ -0.49 0.53 0.02 0.00 -0.28 -0.28 0.23
Tropical West Pacific 0.11 0.10 0.00 0.00 0.03 0.03  0.09
Tropical East Pacific 0.51 0.44 0.00 0.00 0.18 0.18 0.29
South Pacific  -0.26 0.29 0.00 0.00 -0.33 -0.33  0.23
Northern ~ -0.29 0.25 0.00 0.00 -0.30 -0.30  0.16
North Atlantic  -0.28 0.32 0.02 0.00 -0.16 -0.15  0.17
Tropical Atlantic 0.13 0.11 0.00 0.00 0.11 0.11  0.11
South Atlantic ~ -0.13 0.14 0.00 0.00 -0.15 -0.15  0.13
Southern  -0.65 0.58 0.00 0.00 -0.38 -0.38  0.20
Tropical Indian 0.19 0.18 0.00 0.00 0.17 0.17  0.15
South Indian ~ -0.48 0.44 0.00 0.00 -0.27 -0.27  0.29

network. Although the tropical and southern regions are not individually well-constrained, for all
three networks the tropical land/ocean source and the southern land/ocean sink net to a 0.2 Pg C
yr'! source. The tropical and southern regions as a latitudinal band are constrained by these
networks, but the flux distribution among these regions is not well-defined. The ocean region
fluxes are mainly consistent within uncertainties across the three networks.

In the northern regions, the three networks attribute 71-74% of the northern sink to the
land regions, with the fluxes for the ocean regions (North Pacific, North Atlantic and Northern
Oceans) consistent across the three solutions. However, the distribution of the land fluxes among
continents depends very much on the network. For the base network, the land sink is split
between Asia (Boreal and Temperate Asia regions accounting for 51%) and North America
(Boreal and Temperate North America regions accounting for 47%) leaving Europe essentially
neutral. Introducing east Asian observation sites, the western Pacific high altitude aircraft
observations and mountain-top observations in Europe in the enhanced network shifts some of the

Asian flux to Europe for an Asia:North America:Europe balance of 27%:54%:19%. This flux
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redistribution is accompanied by reductions in uncertainty for Europe and Asian regions (for
example, Tropical Asia region annual uncertainty changes from 0.41 to 0.31 Pg C yr™ and Europe
from 0.51 to 0.39 Pg C yr'"). The continental extension network with the four additional
continental North American sites shifts more of the Asian flux to North America
(20%:63%:17%), with a reduction in uncertainty in North America (from 0.46 to 0.38 Pg C yr'"),
but not in Asia or Europe. The absence of observation sites in Boreal Asia and North Central
Europe makes these regions under-constrained.

Two network-related shifts are seen in ocean fluxes between the base network and the
enhanced network: the first is a transfer of source from the Tropical East Pacific and Tropical
America to Temperate South America; the second is a shift of the distribution of the sink between
the Southern Ocean and the South Indian Ocean with only modest reductions in uncertainty.
Southern Hemisphere observation site additions in the enhanced network include Jubany Bay in
Antarctica, Cape Point in southern Africa, and the southern branch of the high altitude western
Pacific aircraft flights. The flux tower in the Amazon in the continental extension network makes
little difference in either flux or uncertainty in the aggregated South American regions. The
modeled atmospheric concentration of carbon dioxide at this site fits the data poorly before the
inversion and the post-inversion predicted concentration here is the worst fit of all of the
observation sites used. This issue of correctly modeling the terrestrial carbon flux in the Amazon
continues to be addressed (Baker et al., 2008). The poor model fit to the site observation and the
lack of any other observations on the South American continent likely account for the lack of
improvement in the certainty of estimated fluxes here.

The mean annual uncertainty reductions (1 — Gpost / Gprior, €Xpressed as a percent, where
Gpost 1S the 2001-2003 mean annual posterior uncertainty and o, 1S the annualized prior
uncertainty) for a subset of the regions, those in North and South America, are shown in Figure

2-4 for the base network (triangles), enhanced network (diamonds), and continental extension
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network (squares). The annualized prior uncertainty and mean annual posterior uncertainty for

each region are also listed in Table 2-1. Figure 2-4 demonstrates that uncertainty reduction is
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Figure 2-4: Mean annual uncertainty reduction for 2001-2003 (in per cent) for North and South
American regions for three networks: base network (triangles), enhanced network (diamonds),
and continental extension network (squares).

achieved in the regions local to the added observations, a finding consistent with results from
grid-scale inversions (e.g., Peylin et al., 2005; Mueller et al., 2008; Gourdji et al., 2008; Lauvaux
et al., 2008). In regions where there are no observation sites in any of these three networks (for
example, the Subtropical region within Temperate North America and the Southern region within
Temperate South America), there is no reduction in uncertainty. Introducing one or two sites in a
previously unrepresented region can result in a significant reduction in uncertainty. The Northeast
region within Temperate North America shows little improvement in the enhanced network

compared to the base network (43% vs. 41%); adding two flux tower observation sites in the
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continental extension network results in an uncertainty reduction of 71% from the prior
uncertainty with a mean annual posterior uncertainty of 0.24 Pg C yr”' compared to 0.48 Pg C yr’'
for the enhanced network. The South American flux tower is on the border between the Northern
and Southern Amazon regions within Tropical America. The percentage reduction in uncertainty
in the Northern Amazon compared to the prior doubles in the continental extension network
compared to the base and enhanced networks (17% for the base network, 19% for the enhanced
network, 36% for the continental extension). The Southern Amazon region shows no
improvement at all. Parazoo et al. (2008), using the same transport model and analyzed
meteorological fields, found that atmospheric mixing in this region is dominated by vertical
convection rather than the horizontal transport by synoptic weather systems prevalent in the mid-
latitude continents. It is not surprising, therefore, that one observation site in South America
constrains only the immediate region.

Regions already partially constrained by local observations show some improvement, but
less than for the first observation site. The Southwest region within Temperate North America is
the only region shown in this figure with observations introduced in the enhanced network.
Adding the aircraft vertical profile observations at Carr, Colorado, results in a modest
improvement from 41% to 49% from the prior specification. A flux tower observation site is
added in the continental extension network to each of two regions with an existing observation. In
Eastern Boreal North America the percentage reduction of the uncertainty improves from 60 to
65%, and for the Central Plains the change is from 50 to 64%.

The posterior covariance matrix for 2002 annual fluxes for the aggregated TransCom
regions and the continental extension network is presented in Figure 2-5. Variances are reported
on the diagonal. Off-diagonal values are annual covariances indicating the extent to which the
inversion determines the adjustments to the regional annual fluxes as independent on an annual

basis. A fully independent solution would have no off-diagonal entries in the posterior
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covariance. Shaded off-diagonal values, in variance units of (Pg C yr™')’, impact the annual

uncertainty of the aggregated regions by 0.1 Pg C or more. The ocean posterior estimates
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Figure 2-5: Posterior annual covariance matrix for 2002 for the continental extension network
solution for the 22 aggregated continental and ocean basin regions. Variances in (Pg C yr')” are
shown on the diagonal. Shaded boxes contribute > 0.1 Pg C yr' to the aggregated region
uncertainty.

can be considered independent by this measure, with the minor exception of the relationship
between the Southern Ocean and the South Indian Ocean. The largest covariances are between
Tropical America and Temperate South America (-0.38 in units of variance), North Africa and
South Africa (-0.21), Temperate South America and South Africa (-0.13), and Europe and Boreal
Asia (-0.10). Indeed, the negative covariances among the four South American and African

aggregated regions, bounded by heavy black lines in Figure 2-5, indicate that the estimates for
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the two continents should not be treated as independent. The total flux may be constrained, but
the partitioning is not certain. Introducing the observation site in South America, where there
were none in the enhanced network, is not enough to improve the overall continental constraint.
In North America, however, the four added observations reduce the 2002 annual variance for
Boreal North America from 0.12 to 0.09 (Pg C yr'')%, for Temperate North America from 0.26 to
0.15 (Pg C yr')*and the covariance between them from -0.09 to -0.05 (Pg C yr'')* (bounded by
heavy black lines in the lower left corner of Figure 2-5).

Similar improvements are seen in the non-aggregated, 47-region 2002 annual covariance
matrix for the continental extension network (not shown). The covariances among the regions
within North America are reduced; the covariance between Eastern Boreal and Northeast
Temperate regions is reduced from -0.05 to -0.02 (Pg C yr'')’, and the variances for Central Plains
and Northeast are improved (0.09 to 0.04 (Pg C yr'")* for the Central Plains and 0.22 to 0.05 (Pg
C yr'")* for the Northeast). Covariances between the North American regions and non-North
American regions are reduced except for a negative covariance between Western Boreal North
America and Boreal Asia. Results are more modest in South America, where the only appreciable
improvement is the reduction in the covariance between Northern and Southern Amazon regions
from -0.11 to -0.07 (Pg C yr'")*. Covariances within South America and between South American
and African regions are reduced but not eliminated. We cannot justify the inversion solution for

the sub-regions within South America as independent with the networks tested.

2.3.2. North American Results

Figure 2-6 shows the 2001-2003 mean annual North American fluxes and uncertainties
along with the bordering North Atlantic and North Pacific ocean regions as well as Europe and

Boreal Asia. Here it is evident that the uncertainty reduction in the regions with the added sites in
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the continental extension network (Eastern Boreal North America, Central Plains and Northeast
in Temperate North America) accounts for all of the uncertainty reduction in North America seen
in Figure 2-3. Surprisingly, the source/sink values change little between the enhanced and
continental extension networks, unlike the change in balance between Boreal Asia and Europe
when adding the European mountain top and additional sites in the eastern Asia. Uncertainty in
the regions upstream of the added observations in the northern tier (Western Boreal and Pacific
Northwest) is not much improved. This is also evident in the uncertainty reduction percent shown

in Figure 2-4.
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Figure 2-6: Mean annual fluxes and uncertainties for 2001-2003 for the regions within a) Boreal
North America and b) Temperate North America for three networks: base network (triangles),
enhanced network (diamonds) and continental extension network (squares). Also shown in a) are
other northern latitude aggregated regions. All units are Pg C yr'.
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The monthly flux solutions for the North American regions for the three networks are
shown in Figure 2-7. The base network results are shown in blue, the enhanced network in cyan
and the continental extension in red. Dotted lines indicate the extent of the constraint provided by
the prior uncertainty. Shading represents the posterior uncertainty (from the diagonal of the

posterior covariance matrix) of the solution for the continental extension network. The top row of



31

the figure shows the regions within Boreal North America followed by the aggregated region
results. The second and third rows show the regions within Temperate North America followed

by its aggregated result. The greatest effect of the continental extension network can be seen in
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Figure 2-7: Monthly posterior fluxes (Pg C yr™") for a) regions within Boreal North America and
b) and c¢) Temperate North America. The aggregated regions (not different scales) are at the end
of rows a) and c¢). Base network results are in blue, enhanced network in cyan, and continental
extension network in red. Shading is posterior uncertainty of continental extension network.
Dotted lines define the prior uncertainty.

the Northeast region of Temperate North America where two flux towers with well-calibrated
CO, measurements are located. The posterior source/sink solution is smoothed, of smaller
amplitude relative to the prior, and has a reduced posterior uncertainty. The other new towers in
this network are in the Central Plains region of Temperate North America and the western edge of
the Eastern Boreal region; each of these regions also contains one other observation site, the
WKT tall tower in the Central Plains region and the Fraserdale site in the Eastern Boreal region.

The areas with the least uncertainty reduction (Northern Boreal, Pacific Northwest, Southeast,
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and Subtropical) either have no observation sites or one site at the edge of the region (Alert in
Northern Boreal and Key Biscayne on the southeastern Florida coast). The posterior uncertainty
estimated for Northeast and Central Plains is small relative to the prior uncertainty, showing
again that the impact of the added observation sites is primarily local. The overall effect of the
new towers on the aggregated regions is to reduce the uncertainty and to smooth some of the

noise in the monthly solution.
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Figure 2-8: a) 2001-2003 mean annual flux (uncertainty) in Pg C yr' for North American
regions. b), ¢), d) show annual results for 2001, 2003 and 2003. Shading on the annual maps
indicates the number of standard deviations from the mean annual flux for the year as an
indication of interannual variability.

Figure 2-8 shows the interannual variability of the source/sink solutions for the
continental extension network for the North American regions. 2001-2003 mean annual flux and
mean annual uncertainty (in parentheses) in Pg C yr' are shown by region in panel a. The other
panels show the results for each of the years 2001 through 2003. Shading indicates the fractional
standard deviation of the annual flux from the three-year mean. The southeast region has the

largest interannual variability with a strong source deviation with severe drought in summer of
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2002 (Waple et al., 2003), but a strong sink anomaly in with the wet summer of 2003 (Levinson
and Waple, 2004). The variability in the northeast region exhibits the reverse behavior. The 47-
region covariance matrix shows a negative annual covariance of -0.01 (Pg C yr'')? between these
two regions. There are no observation sites in the southeast region, so it is possible that this
dipole behavior is an artifact of flux balancing in the inversion. All other anomalies are within 1

standard deviation of the three-year mean.

2.4. Discussion

2.4.1. Impact of Added Measurement Sites

The added continental measurement sites contribute to local uncertainty reduction
without undue disruption to the global flux solution. The mid-day measurements appear to be
compatible with the transport model and the spatial resolution of the inversion solution in this
case. As these hours are most likely to represent the desired well-mixed background state, they
are likely to represent an area much broader than the immediate vicinity of the observation site.
This avoids the issue of nocturnal boundary layer representation in the transport models and
driver meteorological data. Representation error is still likely; choice of site is critical. The
competing roles of multiple sites in the same solution region (Howland Forest and Harvard Forest
in the Northeast region of Temperate North America) warrant further research. There are a
number of additional North American flux towers whose carbon dioxide measurements are now
well-calibrated. They present an opportunity for improving the uncertainty of the solution with
the addition of these continental sites. The use of these stations is, however, dependent on the
continuity of the measurement time series, and the degree to which the site is representative of the

area for flux estimation. The inversion method used here requires continuous observation time
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series and an unchanging network. Other methods may be more amenable to the addition and

deletion of observation sites for an inversion solution for long periods of time.

2.4.2. Comparison to Published Results

The results of this inversion are placed in the context of another contemporary inversion for the
same time period in Table 2-2 and Figure 2-9 (see also the CarbonTracker 2008 results shown
for reference in Figure 2-3). Also shown is the NASA GSFC PCTM submission to the
TransCom Interannual Variability (IAV) experiment, extended forward in time to participate in
the North American Carbon Program Interim Synthesis activity (A. Jacobson, personal

communication). The TransCom IAV-PCTM inversion shares the same tracer transport model
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Figure 2-9: Comparison of partitioning of annual mean fluxes for 2001-2003. Results are from
this study (squares) using both SiB3 and an alternative background terrestrial flux (CASA
climatology), CarbonTracker 2008 (circles) and the NASA PCTM inversion from the TransCom
Interannual Variability experiment (triangles)
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with our experiment, but uses a repeated year of meteorological driver data, a smoothed monthly
data product for observation data, a different observation network, and no explicit handling of
biomass burning emissions. Our results (squares in Figure 2-9) include the continental extension
network solution discussed in this paper and an inversion solution accomplished by substituting
the monthly mean CASA flux instead of the hourly, interannually variable SiB3 flux as the

background terrestrial flux.

Table 2-2: Comparisons of 2001-2003 mean annual fluxes (Pg C yr'') from this study using SiB3
and CASA background terrestrial fluxes, the NASA PCTM inversion solution from the TransCom
Interannual Variability experiment and CarbonTracker2008. Uncertainty information is not
available for the NASA PCTM solution. Fossil fuel emissions are not included.

This Study This Study TransCom Carbon
SiB3 bio CASA bio IAV PCTM Tracker

Aggregated Land Regions

Boreal North America 0.00+0.32 -0.08 £0.29 -0.12 -0.07 £ 0.40
Temperate North America -1.34+£0.40 -1.46 £0.37 -1.11 -0.47£0.51
Tropical America 0.22+0.79 -0.59+£0.61 0.64 0.05+0.63
Temperate South America 0.68 +£0.87 0.61 £0.82 -1.32 -0.07+£0.81
Northern Africa 0.86 £ 0.65 0.99 £ 0.62 0.81 0.01 £0.52
Southern Africa -0.60 = 0.67 -0.24 £ 0.64 0.07 0.27 £0.60
Boreal Asia -0.48 +0.49 -0.72 +£0.44 0.48 -0.69 +1.21
Temperate Asia -0.05+0.33 0.35+0.34 -0.69 -0.25+0.54
Tropical Asia -0.13+0.31 -0.15+0.30 0.33 0.10+£0.23
Australia -0.14 +£0.38 0.06 £ 0.36 -0.19 -0.07 £ 0.33
Europe -0.35+0.45 -0.27 £0.39 -0.92 -0.16 £0.76
Ocean Regions

North Pacific Ocean -0.28 £0.23 -0.38£0.23 -0.72 -0.43 +£0.38
Tropical West Pacific Ocean 0.03 +0.09 0.05+0.09 -0.07 0.03+0.02
Tropical East Pacific Ocean 0.18+0.29 0.33+0.28 0.33 0.44+£0.23
South Pacific Ocean -0.33+£0.23 -0.29 +0.23 -0.01 -0.41+0.46
Northern Ocean -0.30+0.16 -0.21 £ 0.15 -0.09 -0.26+0.18
North Atlantic Ocean -0.15+0.17 -0.14+0.17 -0.20 -0.40+0.41
Tropical Atlantic Ocean 0.11+0.11 0.11+0.11 0.19 0.19+0.15
South Atlantic Ocean -0.15+0.13 -0.20+0.13 -0.12 -0.12+0.24
Southern Ocean -0.38+0.20 -0.37+0.20 -0.11 -0.19+£0.28
Tropical Indian Ocean 0.17+0.15 0.14+0.15 0.09 0.16+£0.13
South Indian Ocean -0.27 £ 0.28 -0.26 £ 0.28 -0.08 -0.60 £ 0.24
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Figure 2-9 shows that our experiment and CarbonTracker 2008 (results obtained from
http: //carbontracker.noaa.gov) both partition the global sink approximately equally between land
and ocean (panel A), and that the global land sink in the northern land regions is partly offset by a
source in the aggregated tropical and southern land regions (panel B). In contrast to
CarbonTracker, however, our results place more of the northern land sink (panel C) in North
America than in extratropical Eurasia (Europe, Boreal Asia and Temperate Asia), and more of the
North American land sink (panel D) in Temperate than in Boreal North America. Only the
CarbonTracker results in panel C are in line with an independent estimate of -0.50 Pg C/yr (not
including fossil fuel emissions) (CCSP, 2007) for North America. The partitioning behavior at the
aggregation level shown in Figure 2-9 for our experiment is similar to that of the TransCom
IAV-PCTM results. In this experiment the influence of the transport model appears to dominate
over the network and the terrestrial background flux used. It is possible that using mid-day
samples from the continental observation sites introduces a negative bias in the observation data
during the growing season that could account for the increase in the North American sink in our
experiment compared to the TransCom [AV-PCTM result. This could be tested by comparison
with an inversion using vertical column observations of carbon dioxide from satellite
measurements.

The differences between the SiB and CASA versions of our experiment are small relative
to the uncertainties for these continental aggregated areas. Other studies have suggested that the
transport model used and the uneven and sparse spatial distribution of observation sites are equal
contributors to the differences in results (Gurney et al., 2002; Gurney et al., 2008; Roedenbeck et
al., 2003a; Roedenbeck et al., 2003b). Here we can compare inversions using different
background fluxes and the same network (the SiB3 and CASA versions of our experiment),
inversions using the same transport model and inversion method, but different networks (our

experiment and the TransCom IAV-PCTM solution), and inversions using different methods,
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different transport models, and different networks of observations (our experiment and
CarbonTracker). Since the solution at the global level should be determined by hemispheric-scale
gradients and global growth rates, the results should agree at the large scale as seen in Figure 2-9
panels A and B. At the finer scale, the differences due to observation network distribution and
density are more evident as can be see in Table 2-1 and Figure 2-3. Figure 2-9 panel D, in
particular, shows that similar reductions in uncertainty can be achieved by very different methods
for well-constrained regions such as North America. Networks and transport matters more than

background fluxes in this experiment.

2.4.3. Adjustments of the Background Fluxes

Our inversion results are generally consistent in zonal distribution with the ocean air-sea
flux estimates of Takahashi et al. (2002), which we use as our background ocean flux. Our flux
solution reduces the net global ocean sink from 1.6 Pg C to 1.5 Pg C annually, with smaller sinks
in temperate waters and smaller sources in the tropics. Our experiment reduces the Southern
Ocean sink specified by Takahashi et al. (2002), but not by as much as CarbonTracker (see Table
2-2) or the update to these air-sea fluxes (Takahashi et al., 2009) for the climatologic year 2000,
which shows little or no net annual flux in the Southern Ocean due to offsetting effects of
biological drawdown and upwelling of carbon-rich waters.

We also find a reduction in amplitude of the seasonal cycle in the Northern Hemisphere
boreal and northern temperate land region fluxes compared to SiB3, where our results are
reasonably well-constrained by observations. This can be seen in the prior uncertainty ranges
(derived from the SiB3 fluxes) in Figure 2-7. The CASA terrestrial background flux has smaller
annual amplitude in these same regions, but as can be seen in Figure 2-9, yields an inversion

solution very similar to that using SiB3 in regions that are well-constrained. The fit of predicted
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observations to the data used in the inversion is very good for remote observation sites, and

generally good overall. This is true for both the SiB3 and CASA versions of the inversion.

2.5. Conclusions

We have shown the value of additional continental observations in a standard Bayesian
global atmospheric inversion. Specific findings include the following:

1. Using a judicious combination of region size and location of additional continental
observation sites, the posterior flux uncertainty and region-to-region covariance are significantly
reduced.

2. Adding observation sites in unconstrained regions will further reduce the uncertainties.
Flux towers are typically sites in representative ecosystems and have existing measurement
infrastructure. With some additional instrumentation and a careful calibration of carbon dioxide
concentrations to global standards, these sites can be used in the global measurement network
used for atmospheric inversions. With the extent of the current global flux network, there is a
major opportunity for improved coverage in the observation networks used for global and
regional atmospheric inversions. The use of time series from these flux towers is contingent on
operational funding to continue long time series of carbon dioxide observations. Operations have
been discontinued at two of the five flux towers used in this experiment.

3. Adding observation sites in regions already constrained may push the boundaries of
this methodology and deserves additional research on balancing region size with representative
ecosystems sampled by the observing sites.

4. The transport model and analyzed meteorological fields appear to have more impact on
our flux estimates than the added observation sites or the background terrestrial flux. For the

well-constrained aggregated regions, the TransCom-IAV PCTM results are more like our findings
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than CarbonTracker. Transport uncertainty is an important problem that this study does not
address.

5. We confirm the findings of other researchers (e.g., Baker et al., 2006; Jacobson et al.,
2007a; Jacobson et al., 2007b) that the tropical and southern land regions are under-constrained to
the extent that the inversion source/sink estimates for these regions cannot be considered
independently. The observation networks tested in this experiment do not improve this situation.
An increase in observation density, for example from satellite observations, is required to change

this situation.
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Chapter 3

Sensitivity to Methods Choices

3.1. Introduction

We have chosen to treat this problem as linear using a least squares, analytic solution
method; the carbon dioxide mixing ratio at each observation point and month is treated as a linear
combination of responses to surface-atmosphere fluxes from the regions in the months defined in
our solution space. This least squares method requires that the prior uncertainties be modeled
using Gaussian distributions (Tarantola, 2005), both the data uncertainties (combined
measurement and transport errors in our case) and prior model uncertainties (the prior flux
uncertainties). The advantage of oversimplifying the errors in this way is a relatively simple
solution method; the main disadvantage is a lack of robustness. The solution may be particularly
sensitive to outlier data points (Tarantola, 2005).

We have also attributed all changes to carbon dioxide in the atmosphere to surface fluxes.
There is an inherent bias in the assignment of all atmospheric carbon dioxide sources to surface
grid boxes and months (Suntharalingam et al., 2005). Precursor trace gas (carbon monoxide,
methane, and non-methane volatile organic compounds) are emitted from the surface, and the
carbon dioxide is an oxidation product in the atmosphere downwind in space and later in time
from the region and time of surface emission. Suntharalingam et al. (2005) compared the results
of three annual mean inversions to the results obtained using a transport model including the
appropriate atmospheric chemistry and found that such an assumption causes the northern land
sink to be overestimated by ~0.25 Pg C yr™' and tropical efflux to be overestimated by a smaller

amount. We have not addressed this bias in our experiment.
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Methodological advances introduced in this experiment include using actual data for
observations rather than a smoothed data product and introducing annual variability in the
transport fields used to generate the response functions. These are departures from the TransCom
inversion method on which this experiment is based (e.g., Baker et al., 2006). Important
assumptions related to the observation data include independence of each observation datum and
Gaussian distribution of the data uncertainties, which for this method include transport error as
well as measurement error. This independence cannot be true, as the observation data set includes
co-located continuous and discrete sampling sites, and the monthly mean observations exhibit
seasonal autocorrelation. Tarantola (2005) cautions us to examine the inversion results to see how
far we have strayed from valid use of this least squares solution method. The focus of this chapter
is examination of the inversion solution for obvious effects of non-compliance.

Section 3.2 documents positive controls on the inversion method. In Section 3.3 we
compare inversion results using different choices of the terrestrial and fossil fuel background
fluxes to test for over-reliance on the background fluxes. In Section 3.4 we show what happens
when the prior flux uncertainties are modified, removing restrictions that limit the departure from
the background fluxes. In Section 3.5 we examine a possible enhanced sensitivity to outliers, by
showing an inversion result for a network that includes one station not used in the continental
extension network. We also try to determine if the two sites in the Northeast region of Temperate
North America provide redundant information to the inversion. In Section 3.6 we explore the
suggestion in Tarantola (2005) of consistency checking the solution for the importance of the
assumption about Gaussian errors. The analysis of the posterior covariance in Chapter 2 is
another of these checks; this will be revisited in Chapter 5. We partially address the problem of
highly correlated observations using an inversion variation with no co-located observation sites.
In Section 3.7 we will examine the data residuals and introduce 2 more inversion variations with

additional model-data mismatch error added to the observation data uncertainties. Section 3.8
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concludes the chapter with an overall assessment of the use of this method. The test of sensitivity

to other network design choices besides the co-located sites will be addressed in Chapter 4.

The inversion variations discussed in this chapter are documented in Table 3-1.

Observation Site-Network cross references for these inversions are in the Appendix in Table A-9.

Table 3-1: Inversion variations discussed in Chapter 3.

Inversion Network  # of Sites Description

Control Inversion CE 91 Continental Extension Network inversion described
in Chapter 2; model output co-sampled; uses SiB3
terrestrial and seasonal fossil background fluxes

Positive Control Tests

Posterior flux as prior CE 91 Posterior flux estimates from the CE network
inversion are substituted for the prior fluxes

Posterior flux and CE 91 Posterior flux and uncertainty estimates from the CE

uncertainty as prior network inversion are substituted for the prior fluxes
and uncertainties

Perfect data & CE 91 Model samples from the forward integrations of the

perturbed perfect data

Sensitivity to Choice of Background Fluxes

SiB, annual fossil CE
CASA, seasonal CE
fossil

CASA, annual fossil CE

Sensitivity to Prior Flux Uncertainty

TransCom prior CE
Uncertainty x n, CE
where n=0.5,1, 2, 5,

10, 50

Sensitivity to a Single Observation Site
CE with ESP N5
Enhanced Network E
Inversion

CE without HFM N6
CE without HOW N7
Sensitivity to Co-Located Sites

No co-located sites N8
Model-Data Mismatch Error Tests
Mismatch test 1 N8
Mismatch test 2 N8

91
91

91

91

91

92
86

90
90

78

78
78

background fluxes (and perturbed model samples)
are substituted for the observation data

SiB3 terrestrial and annual fossil background fluxes
CASA terrestrial and seasonal fossil background
fluxes

CASA terrestrial and annual fossil background
fluxes

Control inversion with prior flux uncertainty from
the TransCom IAV experiment (Gurney et al., 2008)
Control inversion with monthly prior uncertainty
magnitudes changed universally by factors of 0.5, 2,
5,10, 50

CE network plus Estevan Point

Enhanced network inversion from Chapter 2 (CE
network without the 5 flux towers)

CE network without Harvard Forest

CE network without Howland Forest

CE network with co-located surface sites removed

Data uncertainty increased (level 1)
Data uncertainty increased (level 2)



43

3.2. Positive Controls on the Inversion Method

In any complex modeling experiment, it is always wise to execute controlled tests where
the results can be compared to expectations. We conduct tests both from the perspective of
perfect fluxes and of perfect data. For the perfect flux experiments we replace the prior fluxes in
an inversion using the 91-site CE (continental extension) network with the flux adjustments
calculated in the CE network inversion. In the original inversion the posterior flux solution is a
sum of the background fluxes, the prior fluxes (specified as zero), and the calculated adjustments.
For the first perfect flux test, we substitute the calculated adjustments for the prior fluxes, and
expect that the inversion calculation will result in zero additional adjustments given the same
observation network. In the second test, the prior specifications include both the calculated
adjustments and the posterior flux uncertainties. This inversion should also result in zero
additional adjustments, but with a narrower posterior uncertainty.

Figure 3-1 shows the mean annual results for 2001-2003 of the perfect flux tests for the
aggregated North American region (panel A), and three of the North American sub-regions:
Eastern Boreal, Pacific Northwest, and Northeast Temperate. The inversion method dictates that
if the a priori specifications have Gaussian distributions, then the posterior solution can also be
described as a Gaussian. For example, prior flux specifications in Figure 3-1 (black dashed lines)
are illustrated as a Gaussian with central value of zero, which is true for all the land regions in our
inversion, and standard deviation equal to the annual uncertainty in the prior. The red lines in
Figure 3-1 define the posterior flux solution from the 91-site CE network inversion described in
Chapter 2. The posterior solution for the first perfect flux test (prior set to known adjustments) is
shown in dark blue lines, and the solution for the second test (prior and uncertainty set to the

known adjustments for this network) in cyan lines.
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North America Eastern Boreal
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Figure 3-1: Mean annual flux results from the perfect flux positive control experiments. Flux
distributions are shown as Gaussians with central value equal to the mean annual flux and
standard deviation equal to the mean annual uncertainty for A) North America, B) Eastern Boreal
North America, C) Pacific Northwest Temperate North America, and D) Northeast Temperate
North America. Dashed black lines are the prior flux specifications for the original CE network
inversion. Red lines are the posterior solution for the CE network inversion. Vertical dotted lines
define the central estimate + uncertainty (1 standard deviation) of the CE network inversion
solution. Dark blue lines are the posterior solution using the red solution adjustments as the prior
flux specification. Cyan lines are the posterior solution using the red solution adjustments and
posterior uncertainty as the prior specification.

The flux solutions for the perfect flux tests for the Eastern Boreal and Northeast regions
are very nearly the same for the first test, and with the same central estimate but narrowed
uncertainty range, as expected, for the second test (panels B and D in Figure 3-1). Recall from
Chapter 2 that the posterior flux uncertainty is a function of the uncertainties in the data and the
prior fluxes. Reducing the prior flux uncertainty in the second test requires that the posterior
uncertainty for this test be no more than the prior uncertainty. Both the Pacific Northwest region,
with no local observation sites, and the aggregated North American region show some offset, but

all central estimates are within the posterior uncertainty of the original CE network inversion.
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Globally, at the region-month level, the average difference in the posterior flux between the CE
inversion and the first perfect flux test is -0.00054 Pg C yr" with a variance of 0.0894 (Pg C yr
"2, Also, as expected, the average monthly difference and variance for the second test are smaller
at -0.00035 Pg C yr' and 0.0311(Pg C yr)?, respectively.

For the perfect data tests, we first created two “observation” data sets; these are
composites of the responses to the background fluxes at the sites in the 91-site CE network using
either selected hours (daytime at continental, quasi-continuous sampling sites, standard times
approximately weekly at discrete sampling sites) or using all hours. Each was used in an
inversion variation in which the transport matrix matched the perfect observation data sets
exactly. We expect that the inversions will return zero adjustments because the responses to the
background fluxes in the transport matrix are matched in the observation data sets. We then
created ten “noisy” versions of the first perfect data set by adjusting each monthly observation by
a random amount within the monthly variability of the model samples. The variability of the
model samples is, in general, greater than the monthly variability of the actual observations. The
inversions with these noisy versions of the perfect observations should give some idea of how
sensitive the inversion results are to larger than normal perturbations in the actual observations.

Figure 3-2 shows the results of these perfect and noisy data inversion tests, displayed in
the same manner as the perfect flux experiments. The mean annual flux solutions for 2001-2003
are shown as Gaussian distributions using the flux estimate as the central value and the posterior
uncertainty to represent 1 standard deviation. Results in Figure 3-2 are for A) the aggregated
North American region, B) Eastern Boreal, C) Pacific Northwest and D) Northeast sub-regions.
The first perfect data inversion, with the selected hours observations, is shown by the red line,
and the second perfect data inversion is shown in blue. Thin black lines represent the results of

the ten noisy data inversions.
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Figure 3-2: Mean annual flux results from the perfect and noisy data positive control

experiments. Flux distributions are shown as Gaussians with central value equal to the mean
annual flux and standard deviation equal to the mean annual uncertainty for A) North America,
B) Eastern Boreal North America, C) Pacific Northwest Temperate North America, and D)
Northeast Temperate North America. Dashed black lines are the prior flux specifications for the
original CE network inversion. Red lines are the posterior solution for a CE network inversion
using as observations the site responses to the background fluxes for selected hours. Blue lines
are for a similar inversion using as observations site responses for all hours. Thin black lines are
the inversion results for ten inversions using perturbed versions of the perfect observations for the
inversion shown with red lines. Vertical dotted lines define the central estimate + uncertainty (1
standard deviation) of the perfect data inversion with red lines.

Both perfect data inversions replicate the central value of zero adjustment to the
background fluxes, as expected, and the mean data residuals for these two perfect inversions are
very small, -0.001 ppm. It is interesting to note that the choice of selected hours vs. all hours for
the perfect data makes a difference in the Eastern Boreal and Northeast sub-regions, both of
which have quasi-continuous observation sites, but no difference in the Pacific Northwest, with
no observation sites, or the aggregated North American region as a whole. The smaller

uncertainty in the all-hours perfect data inversion may be due to the greater number of hours
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included in the monthly variability calculation at the discrete sampling sites. It is difficult to
imagine that the monthly variability at the continental, continuous sites would be smaller when
including the night-time hours when the accumulation of carbon dioxide concentrations in the
surface layer is common at some of the continental sites.

Ten realizations of perturbed perfect data are probably not enough to draw clear
conclusions, but it is interesting to see what appear to be two modes of the flux solutions for
North America (panel A in Figure 3-2), one of which is distinctly a carbon sink where none is
indicated in the annually neutral terrestrial background flux. None of the noisy data inversions,
however, produces a central estimate outside 1 standard deviation from the first perfect data
inversion test.

Overall, the method appears to be producing expected results in these controlled

situations. We find no obvious instabilities.

3.3. Sensitivity to the Background Fluxes Used

To examine the influence of the background fluxes used in the control inversion, we use
three variations of the inversion with the same CE network (Table 3-1), but with alternative
terrestrial and fossil fuel background fluxes. For the hourly, annually varying SiB3 terrestrial
background flux (Baker et al., 2007) we substitute the CASA climatology (Randerson et al.,
1997) as used in the TransCom experiments. Both of these terrestrial fluxes are annually neutral
at each land surface grid cell, but differ, especially in the northern latitudes, in the amplitude and
timing of the seasonal cycle (Law et al., 2008). For the seasonally varying fossil fuel emissions
(Erickson et al., 2008) used in the control inversion, we substitute the non-varying annual fossil

emissions maps from which the seasonally varying emissions were created by approximating the
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seasonal carbon dioxide emission cycle using a 2-harmonic Fourier series with coefficients as a

function of latitude.

Sensitivity to Choice of Background Fluxes

Terrestrial Background Fluxes Difference from SiB & Seasonal Fossil Solution
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Figure 3-3: Sensitivity of the inversion solution to alternative background fluxes for two regions
in Temperate North America: Northeast (top) and Pacific Northwest (bottom). Left hand panels
illustrate the two terrestrial background fluxes used. Right hand panels show the difference in the
posterior monthly fluxes compared to the control inversion for three combinations of two
terrestrial background fluxes and two fossil fuel emission maps. Shading indicates the posterior
uncertainty of the control inversion.

Figure 3-3 illustrates the difference in posterior monthly fluxes using different
combinations of the two terrestrial background fluxes and two fossil fuel emissions maps. The
SiB3 terrestrial background flux is an hourly product with annual variability and the CASA
terrestrial flux is a monthly mean climatology. In these regions and for the monthly time
resolution of this inversion experiment, there is little evidence that the choice of terrestrial
background flux is the primary determinant of the posterior flux solution. Both background fluxes
can be corrected to a similar solution determined by the observations and the transport. This is not

necessarily true in regions without nearby observational constraint.
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The choice of fossil fuel emissions map, seasonal or annual, results in at most a 0.1 Pg C
yr'' difference in any monthly flux in the regions shown in Figure 3-3. The largest differences are
in mid-summer and mid-winter in the northern mid-latitudes, with north central Europe having a
0.2 Pg C yr’' difference in some months. The monthly differences are consistent with the PCTM
results, in the mid-range for the three transport models tested in Gurney et al. (2005), in which a
number of different amplitudes of seasonal variations were tested with seasonal mean inversions.
There is no difference in the annual flux solutions, which is also consistent with the findings of
Gurney et al. (2005) in comparing annual mean inversion results using seasonally-varying and
non-varying fossil emissions maps. We did not, however, investigate the bias that may be present
in our results due to the changing global distribution of fossil fuel emissions since the spatial

distribution of the 1990’s era maps used in our experiment.

3.4. Sensitivity to Magnitude of Prior Flux Uncertainty

The prior fluxes were chosen to specify no correction to the background fluxes, but with
relatively large assigned uncertainty compared to previous studies (Chapter 2, Section 2.2.5). The
prior flux uncertainties used are of very similar magnitude to those used in the TransCom
Interannual Variability network sensitivity experiment (Gurney et al., 2008) for ocean regions and
larger than the TransCom uncertainties for land regions. We experiment here with the magnitudes
of these prior flux uncertainties. The TransCom convention is to use supplementary land use
change priors in addition to the terrestrial background fluxes in some regions (e.g., Tropical
Asia). We have not used these, instead choosing to add an additional biomass burning
background flux. As an initial test there is an inversion variation (Table 3-1) with uncertainty
magnitudes kept as close as possible to those used in Gurney et al. (2008) by distributing

uncertainty from the larger TransCom aggregated regions (Table A-1) to the smaller regions of
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our method based on the underlying flux pattern used to establish the response functions (Chapter
2, Section 2.2.3). In addition we computed inversion variations with the magnitude of the prior
flux uncertainties from the control inversion multiplied by factors of 0.5, 2, 5, 10, and 50. With
this inversion method it is common to see large month-to-month variations in the regional flux
solutions when the prior uncertainties are loosened, even though the inversion calculation

enforces global annual net flux totals. The monthly regional flux solution can become
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Figure 3-4: Sensitivity of the inversion solution to the magnitude of prior flux uncertainties for
two regions in Temperate North America: Northeast (top) and Pacific Northwest (bottom). Solid
black line and shading represents the control inversion. Dashed lines define the prior uncertainty
envelope for the control inversion.
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biogeochemically unrealistic; tighter prior uncertainties have been used in the past to exclude
these unreasonable solutions. This is especially problematic in regions of the world with sparse
observations.

Figure 3-4 illustrates the results in two Temperate North American regions of loosening
the prior flux uncertainties. The Northeast region has two local observation sites; the posterior
uncertainty is markedly reduced compared to the prior uncertainty in the control inversion. In this
region, multiplying the prior uncertainty by up to 5 does not change the result within the posterior
uncertainty of the control inversion. The Pacific Northwest region is less well-constrained with no
local observations. Noise in the posterior monthly fluxes is evident as the prior uncertainties are
loosened. This effect is even more obvious in regions with very low observation density (e.g.,
regions in South America). Without local observations the tighter prior uncertainties are
necessary to prevent unrealistic solutions. Prior flux uncertainties must be chosen carefully in

light of the available data constraint.

3.5. Sensitivity to a Single Station

Another indication of problems with the solution method is sensitivity to outlier data
points (Tarantola, 2005). In developing the base and enhanced networks in Chapter 2, we found
one observation site which caused a large difference in the monthly regional flux solution. Here
we show the inversion behavior that caused us to eliminate the site from consideration and try to
find the cause of the behavior. Estevan Point is a discrete sampling site on the coast of British
Columbia in the Environment Canada (EC) measurement program. When we included this site,
the inversion solution exhibited anomalous fluxes in the Western Boreal North America region
and compensating fluxes in the Northern and Eastern Boreal regions as shown in Panel A of

Figure 3.5.
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Figure 3-5: Sensitivity of the Western Boreal North America region to the observation at Estevan
Point (ESP). Panel A shows the Western Boreal monthly posterior fluxes and uncertainty for the
control inversion (blue line and shading) and the posterior fluxes for an inversion including the
ESP site (red line). Panel C shows the observations and monthly variability (blue line and
shading) and the inversion-predicted observations for the inversion using the ESP site (red line).
Data points marked with asterisks (*) in the observations are gap-filled. Panel B shows the SiB3
terrestrial background flux for the region. Panel D shows the response to the composite
background fluxes sampled from the model at the ESP location (red line) and the observations
(blue line); both time series in Panel D are detrended.

The red line in Panel D of Figure 3-5 is the sum of the responses to the four background
fluxes co-sampled from the model at the ESP location. The SiB3 terrestrial flux in Panel D is one
of those background fluxes; the others are the response to the fossil fuel emissions, the biomass
burning emissions and the air-sea flux. It is clear that the amplitude of the seasonal cycle of the
responses to the background fluxes exceeds that of the observations. The drawdown in summer of
2001 is overestimated by more than 10 ppm. In order to fit the observations, the inversion

requires an efflux in both 2001 and 2003 to fit the excessive summer drawdown. Estevan Point is
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a coastal site, especially prone to representation errors in the transport models. Sampling at an
offshore grid cell is often recommended in order to match the protocol of sampling marine air. In
the PCTM model, the grid cell for the Estevan Point site is designated as sea; we also sampled at
an adjacent land grid cell, but did not test the inland model sampling location in an inversion. We
have not seen this behavior in other regions in North America, but it is evidence of the sensitivity
to some observation locations.

The CE network used in the control inversion (Table 3-1) has two observation sites in the
Northeast region in Temperate North America which are relatively close to each other: the flux
tower sites at Harvard Forest in Massachusetts, USA (Urbanski et al., 2007) and Howland Forest
in Maine, USA (Hollinger et al., 1999). In any effort to design a future network, it is useful to
know how many observation sites are needed to characterize regions in the inversion. Here we
compare (Table 3-1) monthly regional posterior fluxes for the Northeast Temperate North
America region for the enhanced network inversion (with neither site), network N6 inversion
(with the Howland Forest site, but not Harvard Forest), network N7 (with the Harvard Forest site,
but not Howland Forest), and the control inversion (with both sites).

The results of this test are shown in Figure 3-6. The difference in the networks used in
Panel A and Panel D of the figure is the addition of five flux tower sites, four of which are in
North America. The inversion results including either one of the Howland Forest or Harvard
Forest sites show similar reductions in uncertainty, but different monthly fluxes. The observed
mixing ratio record at Harvard Forest exhibited one of the lowest growth rates of any of the
observation sites used; this likely accounts for the greater growing season sink in the inversion
results including the Harvard Forest site without the second site in the region. The results using
both sites are similar to the results with only the Howland Forest site, but with subtle increases in
the amplitude of the seasonal cycle and some additional reduction in posterior uncertainty. Two

observation sites in the Northeast region, not sampled in the same model grid cell, appear to result



in a solution which accommodates the observations from both sites, countering in some aspects

the problem of choosing one site to be representative of the entire region.
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Figure 3-6: Monthly posterior inversion fluxes (solid lines) and uncertainty (shading) for the
Northeast region of Temperate North America for inversion variations for four networks: (A) the
E (enhanced) network with no observation sites in the Northeast region; (B) network N6, the CE
network without Harvard Forest; (C) network N7, the CE network without Howland Forest; (D)

the CE network inversion with both sites.

3.6. Chi Square Test and Degrees of Freedom

With incomplete knowledge of the errors and number of degrees of freedom in the

observation data, the principal consequence is that the posterior flux uncertainties, derived in part

from the observation errors, will be flawed (Tarantola, 2005). Taratola (2005) recommends that
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an analysis of the appropriateness of the prior uncertainties should include an evaluation of the

,{/2 statistic, which is twice the cost function (equation 2.2 and repeated here):

J = (€yps —Cppa — HX) R (€, —€pa —HX) +(x—%,) P! (x—%,) 3.1

obs
As this is an implementation of a least squares minimization, this cost function at its
minimum should follow the chi square probability density distribution, with the number of
observations as the degrees of freedom. Previous researchers have used a normalized °, which
is divided by the number of observations and should, therefore, be close to 1 (e.g., Peylin et al.,
2002; Rodenbeck et al., 2003a). The rationale is that a value >1 indicates that the residuals are
larger than the prior uncertainties (observations and/or flux), suggesting that the prior
uncertainties should be increased. In these other studies this diagnostic is used to suggest
supplementing the data uncertainties to account for the model-data mismatch and “tune” the
inversion. The normalized ¥ for our control inversion is not larger than 1, but rather is ~0.50;
however, equating of the number of observations with the degrees of freedom is problematic as
we know that the observations are not independent in time or space. The degrees of freedom must
be equal to or smaller than the number of observations, but we have not yet determined what it
should be based on our use of co-located observations and the autocorrelation of the time series.
Previous research (e.g., Peylin et al., 2002; Rodenbeck et al., 2003a) has concentrated analysis on
the data part of the cost function for each observation site (called the }(2 by station) for two main
reasons. It is possible to analyze the data residuals directly as the analytic inversion solution

delivers a set of predicted observations consistent with the flux solution. The second and more

important reason is the presumption that the major portion of the normalized ;(2 is due to the

data portion of the cost function (equation 3.1). For our control inversion, the mean )(2 by station

is 0.36. In inversions using a smoothed data product for observations (e.g. Baker et al., 2006), the
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data uncertainties are often based on the residuals between the actual observations and the
smoothed data used in the inversion, with an additional misfit error added for some observation
sites to account for poor fit of the modeled data to the observations. The background terrestrial
flux, in particular, may not be a good match for the amplitude and/or timing the seasonal cycle at
some observation sites; in addition, at coastal sites, the resolution of the transport may not be fine
enough to represent local conditions. By adding model-data misfit error to acknowledge the
transport and representation error, we effectively de-weight the observations, putting
correspondingly more weight on the background fluxes. In our experiment, the data uncertainties
represent the monthly variability of the observations directly. This should be a conservative error
estimate; however, we are hesitant to reduce the data uncertainties as might be indicated by the
value <1.

To remove one of the issues about independence of the observations we calculate an
inversion variation (Table 3-1) removing co-located surface observations (network N8 in Table
A-4; Observation Site-Network Cross Reference in Table A-9). We remove the seven discrete
sampling sites that are co-located with quasi-continuous sampling sites, the two lower levels at

each of the two tall towers, and two discrete sampling sites that share the same grid box as other
discrete samples. The normalized ¥ for this inversion variation is 0.48 with the mean y” by

station 0.32, very similar to the control inversion. As a rudimentary test of adding model data
mismatch error, we devised two different schemes for adding uncertainty to the monthly
observations: level 1 with a moderate amount of mismatch error; level 2 with a larger amount.
We assign observation sites to classes based on location (e.g. remote, coastal or continental) and
model fit, and increase monthly data uncertainty based on the class. For example, remote, quasi-
continuous sites are assigned 0.50 ppm additional uncertainty in the level 1 scheme and 0.75 ppm
in the level 2 scheme. The largest mismatch errors are assigned to observation sites whose

responses to background fluxes are very poor fits to the observations; for these sites, the level 1



57

added uncertainty is 5.00 ppm and the level 2 added uncertainty is 7.50 ppm. Both the
classification of sites and the specific model-data mismatch error assignments should be
considered preliminary. We added two more inversion variations with the same N8 network using

the observation data uncertainties supplemented with this mismatch error. The inversion
variations with added data uncertainties yielded normalized > mean values of 0.20 (level 1,

moderate added error) and 0.13 (level 2, more added error).

Table 3-2 shows the inversion results for the aggregated global regions (Table A-1) for
the control inversion, the no co-located sites inversion, and the two mismatch error inversions. In
comparing the control inversion and the N8 network inversion before adding mismatch error,
there is some re-distribution of the sources and sinks, but no changes outside the range of the
posterior uncertainties of the control inversion. The balance of mean annual sink between Boreal
Asia and Europe shifts between the inversions for these two networks. Within North America
there is a shift of sink from the Pacific Northwest to the Western Boreal region, also within the
posterior uncertainties of the control inversion. A comparison of the posterior annual flux
covariance matrices for these two inversions shows no change in the covariance structure and
only small changes in the variances as seen in Table 3-2. A recommendation for future inversion
design is to use only one observation time series from each location; this also avoids one of the
issues in determining the number of degrees of freedom represented in the observation data.

The main difference that results from adding mismatch error to the N8 network
observations is further shift of the distribution of the mean annual sink between the Boreal
regions, now involving Boreal North America as well as Boreal Asia and Europe. The increased
posterior uncertainties will mathematically result from the increased the data uncertainties. More
investigation is necessary to determine the appropriate use of the mismatch errors in this solution

method.
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Table 3-2: Mean annual 2001-2003 inversion results (flux + uncertainty) for aggregated land and
ocean regions for the 91-site CE network control inversion, the 78-site N8 network inversion (no
co-located measurement programs), the N8 network with moderate added model-data mismatch
error (Mismatch 1), and the N8 network with larger added model-data mismatch error (Mismatch

2). All units are Pg C yr''.

Region Control Network N8 Mismatch 1 Mismatch 2
Inversion Inversion Inversion Inversion

Aggregated Land Regions

Boreal North America 0.00 £0.32 -0.04 +0.34 -0.25 +0.39 -0.38 +£0.47
Temperate North America -1.34+0.40 -1.17+0.42 -1.15+0.46 -1.12+0.51
Tropical America 0.22+0.79 0.16 £ 0.81 0.08 £0.84 0.01+0.88
Temperate South America 0.68 +£0.87 0.63 £0.89 0.46 +£0.94 0.27 +£0.98
Northern Africa 0.86 + 0.65 0.98 £ 0.67 0.81+0.74 0.65+0.82
Southern Africa -0.60 £ 0.67 -0.62 £ 0.68 -0.53 £0.73 -0.43£0.77
Boreal Asia -0.48 £0.49 -0.28 £0.52 -0.13 £0.64 -0.14 £ 0.81
Temperate Asia 0.05+0.33 -0.22+0.34 -0.33+£0.43 -0.36 £0.53
Tropical Asia -0.13+0.31 -0.11+0.31 -0.03 +0.35 0.04 +£0.39
Australia -0.14+£0.38 -0.12+0.38 -0.06 £0.41 0.02+043
Europe -0.35+£0.45 -0.58 £0.47 -0.28 £0.57 -0.05+£0.67
Ocean Regions

North Pacific Ocean -0.28 +£0.23 -0.27+0.24 -0.33+0.29 -0.35+0.36
Tropical West Pacific Ocean 0.03 +0.09 0.05+0.09 0.07 +0.09 0.08 +£0.10
Tropical East Pacific Ocean 0.18 £0.29 0.24+0.30 0.30+0.32 0.35+0.33
South Pacific Ocean -0.33£0.23 -0.32+£0.24 -0.29+£0.25 -0.27+£0.26
Northern Ocean -0.30+£0.16 -0.26 £0.16 -0.30+£0.19 -0.29+£0.21
North Atlantic Ocean -0.15+£0.17 -0.14£0.18 -0.13+£0.21 -0.14+0.24
Tropical Atlantic Ocean 0.11+0.11 0.10+0.11 0.11+0.11 0.12+0.11
South Atlantic Ocean -0.15£0.13 -0.14£0.13 -0.14 £0.13 -0.13+£0.13
Southern Ocean -0.38 +£0.20 -0.38 +£0.20 -0.37+0.23 -0.36 +0.25
Tropical Indian Ocean 0.17+0.16 0.17+0.16 0.17+0.16 0.17+£0.17
South Indian Ocean -0.27+£0.28 -0.28 £0.28 -0.31+£0.32 -0.34 +£0.35

Temporal autocorrelation must also be considered. For a very rudimentary analysis from

the time series perspective, we note that the autocorrelation lag for the monthly observations for

most temperate latitude sites is ~3 months reflecting the terrestrial seasonal cycle. Using as a

rough approximation that the number of degrees of freedom should be reduced by a factor of 3

would make the normalized ;{2 value larger than the goal of 1. This suggests supplementing the

data uncertainties as we have done in the misfit tests. This issue deserves further research using

the statistical tools appropriate for analyzing time series.
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3.7. Examination of the Data Residuals

The monthly data residuals for 2001-2003 for the 91 sites in the control inversion were
pooled for overall analysis. Figure 3-7 shows the histogram, autocorrelation function, partial
autocorrelation function, and g-q plot for the data residuals (Shumway and Stoffer, 20006). It is
clear from the histogram and the g-q plot that the distribution of the residuals is more sharply
peaked than a Gaussian distribution. The mean residual value for this control inversion is -0.128
ppm; other inversion variations show this consistent bias. There is little change in the form of the
distribution of the data residuals for the N8 Network, Mismatch 1 and Mismatch 2 inversion
variations, although the mean residual values are smaller: -0.121 ppm, -0.095 ppm, and -0.056
ppm, respectively. As the mismatch error is increased, effectively de-weighting the observation
data, a seasonal pattern in the residuals becomes clearer in the autocorrelation and partial
autocorrelation functions. We believe this is due to the relative increase in the weight of the
background terrestrial biosphere flux in the inversion.

Using monthly means of observation data directly rather than a smoothed data product,
we expect that there will be some outliers in the residuals for sites that may not be fit well when
the background fluxes and/or transport are not sufficiently finely resolved. Neither the
autocorrelation function nor the partial autocorrelation function shows significant violation of our
assumptions about the errors in the data, although there is some cyclical residual structure in the
partial autocorrelation. Using an autocovariance model, appropriate for time series, in the
construction of the prior data covariance matrix R would be a good first step in addressing this
issue. Examination of residuals at a site level might also guide future choices of sites to be used in

the inversion.
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Figure 3-7: Histogram, autocorrelation function, partial autocorrelation function, and Q-Q plot
for the pooled data residuals for the 91 sites in the CE network control inversion.
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For a different perspective on the quality of the inversion-predicted observations, Figure
3-8 shows a Taylor plot for the control inversion (Taylor, 2001). The angular coordinate of each
point on this plot is the correlation of site time series from the composite background fluxes
(hollow symbols) or the inversion-predicted time series (filled symbols) with the monthly
observed time series. The radial coordinate is the mean pre-inversion or post-inversion standard
deviation of the monthly time series normalized by the standard deviation of the observed time
series. The correlation is a measure of a match to the seasonal cycle of the observations and the
normalized standard deviation is a measure of the match to the amplitude of the observations.
This inversion method is designed to deliver the posterior fluxes that best explain the
observations, so we expect that the post-inversion data points will cluster near correlation 1.00
and normalized standard deviation of 1.0. In short, this is further confirmation that the inversion
has worked.

A few of the observation sites with less-than ideal post-inversion results are called out in
Figure 3-8 as examples. The observation site with the worst pre-inversion model fit to the data,
the Tapajos flux tower site (TPJ), improves by this measure from correlation, normalized
standard deviation pair of (0.55, 2.40) to (0.68, 1.46), but is still the worst fit site post-inversion.
The Southern Great Plains flux tower (SGP) also shows improvement from a poor model fit. The
St. David’s Head, Bermuda (BME) discrete sampling site likely cannot be fit well by the
inversion due to conflict with the neighboring BMW discrete sampling site. BME is one of the
sites omitted from the N8 no co-located surface sites network inversion (Table 3-1). Both BME
and BMW sites are sampled from the same model grid cell, but not at the same times due to our

co-sampling protocol.
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Figure 3-8:  Taylor diagram illustrating the pre-inversion (hollow symbols) composite
background mixing ratios and post-inversion (filled symbols) predicted mixing ratios by station
compared by correlation and normalized standard deviation to the observations at the 91 sites in
the control inversion. Blue square symbols indicate North American sites; red circle symbols
indicate NOAA ESRL observatories outside of North America. Arrows indicate the movement
within this measurement context for a few example sites (Tapajos flux tower, Southern Great
Plains flux tower, and the St. David’s Head, Bermuda discrete sampling site).

We also calculated Taylor skill scores (Taylor, 2001) for each inversion as

oo 4(1+R)" (32)
2
1 »
5, +— | (1+R
(O-n-i_of\_n] ( + 0)

where S is a skill score, R is the correlation of the of the predicted observations with the

observations, G, is the normalized standard deviation of the predicted observations relative to the

observations, R, is the maximum possible correlation (in this case, 1.00), and p =4 at the

suggestion in Taylor (2001) to impose a larger penalty on poor correlation. Scores tend to
approach 1.00, as both the correlation and normalized standard deviation approach 1.00. One
reason to calculate the score as an overall measure of the inversion’s ability to fit the observation

data is to determine if any one set of background fluxes produces a “better” score. We find that
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there are very high scores (e.g., a mean of 0.94 and median 0.96 for the control inversion) and no
discernible difference in the scores for different combinations of the SiB3 and CASA background
terrestrial fluxes and the annual and seasonal fossil fuel emissions maps. We cannot conclude,
using this score, which combination of background fluxes could be perceived as better to use with

this inversion method.

3.8. Conclusions about Methods Choices

We find no excessive reliance on the background fluxes or magnitudes of the prior
uncertainties for regions with sites in the network of observations. Although the inversion
variations using the two alternative terrestrial background fluxes yield slightly different results,
we find no reason to reject either. The seasonal fossil fuel emissions background flux likely
reduces the fluxes that are aliased in the terrestrial flux corrections when using emissions with
only annual variability. Using a fossil emissions map with current spatial distributions should be a
priority for future experiments. The posterior fluxes reported here for Temperate Asia, for
example, may not be an accurate representation of terrestrial biological activity.

Co-located surface observation sites should not be included in future inversions, as they
do not necessarily provide any additional information to the inversion and confuse the issue of the
data independence. This is an aspect of the experiment design which we would change in the
future. Having more than one observation site in a region (when not co-located) does appear to
bring more information to the problem, and can improve the issue of choosing observations to be
representative of entire regions.

During the course of this experiment we have calculated many inversion variations with
different networks and different background fluxes. Figure 3-9 illustrates the partitioning of the

2001-2003 mean annual flux between several pairs of aggregated regions and sub-regions of 20
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Figure 3-9: Comparison of partitioning of mean annual fluxes for 2001-2003. Symbol shapes and
colors indicate the inversion variations: CE network with SiB, annual and seasonal fossil (red
squares with uncertainty); CE network with CASA, annual and seasonal fossil (orange squares
with uncertainty); N8 network (yellow circles with uncertainty); B and E networks from Chapter
2 (blue diamonds); VTT networks from Chapter 5 (green triangles); 9 different network
variations from Chapters 3 and 4 (cyan circles); TransCom PCTM (black diamond).

inversion variations, some of which will be discussed in Chapters 4 and 5. With the exception of
the partitioning between Boreal and Temperate North America of two inversion variations (Panel
D in Figure 3-9), the results are tightly clustered. The two inversion variations outside the main
cluster in Panel D use networks with no continental, continuous observing sites in North America
or globally. These continental sites are a key part of our experimental strategy and the primary
reason for conducting the experiment. The tight clustering gives a boundary for the real (as
opposed to the calculated) uncertainty of the posterior flux estimates for our experiment. The

TransCom PCTM results for the same time period from the submission to the North American
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Carbon Program Interim Synthesis is also shown (black triangle in Figure 3-9). The TransCom
PCTM result is based on a different network, with fewer continental observation sites, which may
account for the difference in the Global Land/Global Ocean partitioning in Panel A.

We have used a method utilizing a least squares analytic solution which may not be
entirely appropriate. This method has been used extensively in the past, with each research group
contributing to addressing the shortfalls. There are several assumptions still outstanding including
the independence of the observations and prior errors. Future effort could be directed toward
incorporating changes into the analytical method, or toward implementing a more general
solution. The main consequence of using the method in spite of the shortfalls is that the posterior
uncertainties are likely underestimated. The method still remains as a solid first approach to the
problem. There is a future role of this method in the inversion toolkit for testing new observation
sites and types or for producing flux estimates or boundary conditions for other inversion

methods.
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Chapter 4

Sensitivity to Network Choices

4.1. Introduction

In this chapter network design choices are explored. Results of two series of sensitivity
tests are in Section 4.2. First is a series of inversions testing the sampling for selected hours of the
day at continental observation sites and the co-sampling of model output for the same hours, as
described in the methods in Chapter 2, Section 2.2.8. The second series tests the sensitivity of
inversion results to the inclusion/exclusion of different classes of observation sites. The
inversions discussed in this chapter are summarized in Table 4-1. The discussion is in Section
4.3. Conclusions and recommendations for future network design are in Section 4.4. Observation

Site-Network cross references for these inversions are in Table A-10.

Table 4-1:  Inversion variations discussed in Chapter 4. The observation time series at
continental, continuous observation sites are always sampled for selected hours of the day.

Inversion Network  # of Sites Description
Control Inversion CE 91 Continental Extension Network inversion described
in Chapter 2; model output co-sampled

Sensitivity to Model Sampling Protocol

CE, all hours CE 91 Model output sampled for all hours

CE, default hours CE 91 Model output sampled for default hours

No continental Tl 69 All continental continuous sites excluded;

continuous model output co-sampled

No continuous, T1 69 Model output is sampled for all hours;

all hours all continuous continental sites excluded

No continuous, T1 69 Model output sampled for default hours;

default hours all continental continuous sites excluded

Sensitivity to Inclusion/Exclusion of Classes of Observations

No CAR, WPO N1 73 Briggsdale, CO aircraft profile and Western Pacific
Ocean high altitude aircraft transit excluded

POC, not WPO N2 91 Pacific Ocean Cruise surface observations used in
place of Western Pacific Ocean transit

No High Elevation N3 86 European elevated surface sites excluded

No MNM, RYO, N4 88 Minamitorishima, Ryori, Yonagunijima sites

YON excluded
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4.2. Results

4.2.1. Selected Hours Sampling at Continental Observing Sites

As described in Chapter 2, only mid-day hours (12-16 LST) of the observation time
series are included in the calculation of monthly means for continental, quasi-continuous sites.
The transport model output is co-sampled for the same hours. The selected hours sampling is
based on two assumptions. During the mid-day hours at surface observing site, the continental
boundary layer is well-mixed and we assume the carbon dioxide mixing ratio is representative of
a broad area. We aim to maximize a single site as representative of a region used in the
inversion. For elevated continental sites, the night-time hours are chosen instead to sample the
residual well-mixed continental boundary layer from the previous afternoon. A second
assumption is specific to the transport model and meteorological driver data, and asks the
question: Is there a time of day when the model characterization of the continental boundary layer
is most like the observations? Inversions using smoothed data products (e.g., Baker et al., 2006)
and observing sites that sample for background conditions have used a model sampling strategy
of averaging all hours of model output when calculating monthly responses. We compare the
model output and observations using all hours of the day to the model and observation sampling
protocol used in Chapter 2, using only the mid-day hours (continental surface sites) and night-
time hours (elevated sites). Figure 4-1 illustrates the differences in observed and modeled mixing
ratios when using all hours compared to the co-sampled selected hours used for four continuous

sites in the control network.
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Figure 4-1: Monthly mean mixing ratio and variability (shading), observation time series
difference between monthly means from all hours and selected hours and modeled time series
difference between monthly means from all hours and selected hours for row A: remote site with
mid-day selection, B: elevated continental site with night-time selection, C: tall tower with mid-
day selection and D: flux tower with mid-day selection. All units are ppm CO,. Data points
marked with asterisks (*) indicate gap-filled data.

At the remote site (row A in Figure 4-1), the difference between the monthly mean
mixing ratios calculated for all hours compared to mid-day hours for either the observed time
series or modeled mixing ratio time series is small (~-0.01 ppm for both observations and model
samples). The elevated site (row B in Figure 4-1) shows a seasonal cycle in the difference
between the monthly mean observed mixing ratio for all hours vs. the selected hours (annual
mean difference -0.55 ppm), possibly corresponding to summer daytime photosynthesis not
captured in the night-time sampling. The difference in the modeled mixing ratios (interpolated
between mid-points of layers 4 and 5 above the model surface) is smaller, ~0.02ppm. At the tall
tower site (row C in Figure 4-1) the annual mean difference in monthly means of mid-day vs. all

hours observations in 0.38 ppm with maxima of 1-2 ppm in the summer months. The model is
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sampled midway between model layers 2 and 3 at this site; the annual mean of the modeled
differences is 0.99 ppm with essentially no difference in the wintertime months. The rationale for
choosing mid-day hours at surface, continental continuous observation sites is most clearly
illustrated at the flux tower site (row D in Figure 4-1). At this site the night-time buildup of
carbon dioxide in the stable nocturnal boundary layer results in a mean difference between
daytime hours and all hours of 8.25 ppm with values as large as 20 ppm in the summer. The
difference in the modeled data is much smaller with summertime maxima of only 5 ppm.
Choosing mid-day hours to compare observed and modeled mixing ratios excludes the nocturnal
conditions which we assume to be poorly simulated by the model. We performed inversion
variations with the monthly model samples created from all hours and the default sampling
(Chapter 2.2.8.) to understand the consequences of choosing a model sampling protocol that does
not match the selected hours used for the observations.

Inversion results testing different time-of-day model sampling protocols for continental
quasi-continuous observation sites are shown in Figure 4-2 for selected North American and
adjacent land and ocean regions. The black bar and shading represents the posterior flux and
uncertainty for the control inversion using the 91-site continental extension (CE) network.
Symbols indicate the results of the five inversion variations related to model sampling protocol
testing (Table 4-1). In all variations the observations at continuous sites included in the
inversions are sub-sampled for selected times-of-day (mid-day for surface and tall tower sites,
mid-night for elevated sites). The CE, all hours inversion (up-pointing triangles in Figure 4-2) is
the result for the CE network with the model samples including all hours. This is the simplest
model sampling strategy, and has been used in the past for inversions that use data products such
as GLOBALVIEW (GLOBALVIEW-CO2, 2007) in place of observations (e.g., Baker et al.,

2006). The CE, default hours inversion (diamonds) is the results for this same CE network where
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model samples are chosen from default sampling protocol; samples from the selected times-of-

day from every day are used.
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Figure 4-2: Mean annual fluxes and uncertainties for 2001-2003 for A) Boreal and B) Temperate
North American regions showing impact of different choices for time-of-day model sampling.
Black line and shading represents the result of the continental extension (CE) network inversion
with sub-sampling of model output at continental sites. All inversion results shown use sub-
sampling of observations at continental sites. Inversion results shown are: CE network with
model output sampling for all hours (up-pointing triangles); CE network with model sampling
using default hours (diamonds); T1 network (69 sites with no continental, quasi-continuous sites)
with co-sampling of model output at remaining sites (squares); T1 network with model sampling
for all hours (circles); T1 network with default model sampling (down-pointing triangle). All
units are Pg C yr.

This represents the next step up in complexity from the all-hours sampling, but still
simpler than co-sampling the same hours as the observations, which is the strategy used in the
control inversion. If the model sampling strategy made no difference, we would expect the up-
pointing triangles and diamonds to match the control inversion results. This is not the case,
especially for the all-hours model sampling strategy in the regions of North America with the flux

towers (Eastern Boreal, Central Plains, and Northeast) and Europe. At the remote Alert
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observation site in the Northern Boreal region, the time-of-day selection made little difference for
either model output or the observations (Figure 4-1). In Figure 4-2 there is little difference in the
inversion result as well. Results for the CE, default hours inversion are closer to the control
inversion; if there were no gaps in the observations at the selected times-of-day, the default model
sampling would be the same as co-sampling for the continuous sampling sites.

The three remaining inversions shown in Figure 4-2 are inversions using the 69-site T1
network with the same co-sampling strategy used in the control inversion (squares), T1 network
all hours model sampling (circles) and T1 network default model sampling (down-pointing
triangles). The T1 co-sampling inversion (squares) results illustrate, by their omission, the role of
the continuous sites in determining the uncertainties in the regions containing these observing
sites in North America; for example, see the increase in uncertainties for the T1 co-sampled
inversion (squares in Figure 4-2) compared to the control inversion for Eastern Boreal North
America, Central Plains, North Central, and Northeast regions. In some regions the flux solution
is also different, for example in the Eastern Boreal region where the Northern Old Black Spruce
flux tower and Fraserdale observing sites in the control network both reduce the uncertainty and
change the magnitude of the regional flux. If the model sampling protocol made no difference for
the discrete sampling sites, we would expect the three solutions for this 69-site T1 network to be
the same. Discrete sampling is done at times chosen for sampling of background atmospheric
conditions. Neither the all hours model sampling nor the default sampling T1 inversions agree
with the T1 co-sampled inversion in some regions. The difference in the T1 all hours inversion
and the T1 co-sampled inversion suggests that, when using actual observations rather than a
smoothed data product, it is not advisable to create monthly mean model output samples from all
hours. The default hours sampling difference is not surprising; the model output for discrete sites
is sampled on five fixed days in each month without regard to the meteorological conditions of

the transport. These are not likely to be the days and hours that the discrete observation sampling
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was done. The large differences in flux solutions for Europe and Boreal Asia across the
inversions in Figure 4-2 are further evidence of the effect of sparse observations in North Central
Europe and Boreal Asia; the posterior uncertainties are large compared to the other regions shown
for the control inversion. These uncertainties are unlikely to be reduced without additional

observation sites in North Central Europe and Boreal Asia.

4.2.2. Sensitivity to Classes of Observations
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Figure 4-3: Mean annual fluxes and uncertainties for 2001-2003 for A) aggregated land regions
and B) ocean regions for inversions illustrating inclusion/exclusion of classes of observations.
Black line and shading represent the result of the CE network inversion. Inversion results shown:
N1 network with no aircraft observations (triangles); N2 network with Pacific Ocean surface
observations used in place of high altitude Pacific Ocean transit observations (diamonds); N3
network with no European elevated surface sites (squares); N4 network omitting 3 east Asian
sites. All units are Pg C yr™".

Figure 4-3 shows sensitivity of the continent- and ocean basin-scale inversion results to
different classes of observations. Chosen here are several classes of observations that are

challenging to use in inversions for a variety of reasons: aircraft profiles, aircraft high altitude
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samples, high elevation continental sites, and sites that are not modeled well by the background
fluxes. The inversion results indicated by triangles in Figure 4-3 are from the 73-site N1 network
that eliminates all aircraft measurements, namely the Briggsdale, Colorado (CAR) vertical profile
and the high altitude western Pacific Japan to Australia transit (WPO). The North American
results change little, but there is a loss of constraint and shift in flux for Temperate Asia,
Australia, and especially Tropical Asia which is a net source and no longer neutral with this
network. There are also compensating sinks introduced in the ill-constrained Temperate South
America and North Africa. The Pacific Ocean ship of opportunity (POC) observations are an
alternative set of observations in the Pacific Ocean basin with approximately the same latitudinal
range as the WPO series. We substitute gap-filled POC observation time series for the WPO
observations in the 91-site N2 network to test this different Pacific Ocean basin constraint; the
results are shown as diamonds in Figure 4-3. These ocean surface observations are more
commonly used in global atmospheric inversions, but were not included in our control inversion
due to a lengthy observation gap in the middle of our chosen years of analysis. With the exception
of the North Pacific, where there is an increased sink using the ocean surface observations, and a
shift in fluxes between Boreal Asia and Europe, the inversion fluxes are similar to the N1
network (no-aircraft) inversion. Other contemporary inversions (e.g. Peters et al., 2007) find a
larger sink in the North Pacific in agreement with the N2 network inversion. It is likely that the
high altitude Western Pacific observations and the Pacific Ocean surface observations bring
different information to the inversion; both could be used when the observations fill the criteria
for inclusion.

Figure 4-3 also shows the results of the 86-site N3 network inversion which omits the
mountain-top sites in Europe for which mid-night hours of observations are used (squares). The
shift in fluxes between Boreal Asia and Europe, with the North Central sub-region of Europe

most affected is consistent with what we reported in Chapter 2. The last inversion shown (circles)
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is for the 88-site N4 network omitting the Japanese Meteorological Agency east Asian marine and
coastal sites of Minamitorishima (MNM), Ryori (RYO), and Yonagunijima (YON). The
inversion-predicted carbon dioxide time series at the RYO site, for example, is consistently lower
than the observed time series with a mean 36-month residual of -3.1 ppm in the control inversion;
this is the largest mean residual of all the sites used in this inversion, but within the monthly
variability of the monthly mean observations. Omitting these east Asian sites increases the sink in
Boreal Asia and Tropical Asia with offsetting reductions in sinks distributed among Europe and
some of the less well-constrained aggregated regions. There is little change in the fluxes in the

Pacific Basin, but there is an increase in uncertainty, particularly in the North Pacific.

4.3. Discussion

4.3.1. Selected Hours Sampling at Continental Observing Sites

The difference in monthly means of carbon dioxide observations calculated from all
hours and those from mid-day hours can be on the order of 20 ppm in the summer at continental
surface sites where a nocturnal stable layer buildup is common. While this is not true at all
continental sites, similar nocturnal buildups represent local phenomena, and not the larger region
to be represented in an atmospheric inversion. The buildup appears not to be modeled correctly in
the transport used here. The modeled samples may reflect too much vertical mixing in the surface
layer at night resulting in a much smaller vertical gradient than seen in the observations. If we are
trying to match model representation to local observations, confining both model and observation
sampling to mid-day hours seems to be a reasonable approach for continental surface sites. To a

lesser extent, the same logic applies to night-time sampling at mountain-top sites; for this
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transport model, these sites are sampled in model atmosphere layers well above the surface and,
apparently, not as influenced by the vertical mixing closer to the surface. The value that these
continuous, continental sites bring to the inversion is indisputable; for example, the Eastern
Boreal North American region is not well constrained if we omit the Fraserdale site in favor of
using only discrete sampling sites. It is also not recommended to mis-match the sampling
protocols using all hours sampling from the model and mid-day hours from the observations for
continuous sites. Sampling the model on a default basis would be a convenience for the modeler;
however, choosing a default strategy for discrete sampling sites is problematic. Our results show
that applying any default model sampling protocol at continuous or discrete sampling sites yields
different solutions. Choosing mid-day hours from the continuous observations and matching
model sampling hours with observations (as is done in the continental extension network
inversion) appears to be the best solution with the transport model and observation sites used in

this study.

4.3.2. Sensitivity to Classes of Observation Sites

Comparing inversions with and without the mountain-top sites in Europe, we find that
differences are confined primarily to Europe and Boreal Asia. The lack of measurements in north
central Europe and Boreal Asia make the shifting of the inversion results here not robust. This
can also be seen in the posterior covariance structure in Figure 2-5, where the Europe — Boreal
Asia covariance has a larger magnitude than any other regional pair outside of South America and
Africa. It would take more observation sites in Boreal Asia and North Central Europe to resolve
this.

Two aircraft observation time series are included in this inversion: the vertical profile at

Briggsdale, Colorado and the high altitude western Pacific transit from Japan to Australia.
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Removing the Colorado profile shifts the distribution of the North American carbon sink from
Boreal to Temperate aggregated regions, but these shifts are within the posterior uncertainty of
the control inversion using the continental extension (CE) network. Other North American
vertical profiles were not used because they did not meet the completeness criteria for 2000-2004;
it would be possible to include these vertical profiles with a more recent solution time span. More
investigation is needed to determine if these profiles should be included in the inversion
observation set, or instead used to validate the inversion solution as recommended elsewhere
(e.g., Peters et al., 2007). The results of our experiments do not answer the outstanding question
of whether atmospheric inversions using observations from surface sites alone can adequately
characterize global carbon sources and sinks (Stephens et al., 2007). The use of the western
Pacific transit observations is even more equivocal. We do not know if the transport is accurate at
the ~10500 m altitude of these measurements. When we replaced the high altitude observations
with the NOAA Pacific Ocean surface observations (not included in the base observation set
because they did not meet completeness criteria), we see somewhat different results in the Pacific
basin and surrounding land regions (larger sink in the North Pacific and larger sources in Tropical
America, Boreal Asia, Tropical Asia and Australia) and reduced uncertainties. The resulting
fluxes resemble the Pacific basin flux patterns found in other inversions (e.g., Baker et al., 2006;
Peters et al., 2007). The only inversion variations for which Tropical Asia is a mean annual sink
for 2001-2003 are those which include the high altitude aircraft observation data. An inversion
variation using both the high altitude observations and the Pacific Ocean surface observations
yields a result similar to that with only the surface observations, but with a neutral annual mean
for Tropical Asia for 2001-2003. The surface ocean observations do provide more constraint in
the form of reduced regional uncertainties in our study. The performance of the transport model at

the altitude of the aircraft observations warrants further research. It is not possible, in the context
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of this study, to determine whether these aircraft observations should be included in the inversion

network.

4.4. Conclusions

This set of inversion experiments was intended to show the potential of using newly
available North American well-calibrated carbon dioxide measurement time series in a global
atmospheric inversion. We have explored the handling of these data sets in terms of matching
selected hours of observations with the same hours of transport model output (co-sampling). In
addition, we have challenged the experimental setup in terms of its sensitivity to inclusion of
classes of observations. Following are specific recommendations for future network design and
inversion experiment design:

For global atmospheric inversions using this transport model and transport fields,
continental quasi-continuous observation measurements are best incorporated as sub-sampled for
well-mixed atmospheric conditions (mid-day hours for surface sites and mid-night hours for
elevated sites) with model sampling for matching hours. Developing monthly means of model
output from all hours is not recommended when real observations of atmospheric carbon dioxide
mixing ratios are used in place of a smoothed data product.

The issue of whether or not to include aircraft profile or high altitude aircraft
observations in a global atmospheric inversion of surface observations is still not made clear from
this work. The typical NOAA aircraft profiles, for example, sample at altitudes within the
troposphere, where the transport modeling may be acceptable. When Pacific Ocean surface
observations are substituted for the high altitude Western Pacific observations in this experiment,

the flux solution is different, indicating a net annual sink in Tropical Asia. This differs from the



78

generally accepted view that when biomass burning emissions are included, as they are in the
results reported here, Tropical Asia is a source. We cannot tell from our work which is correct.
Evaluation of transport fields near the tropopause is warranted to determine if inclusion of the
high altitude observations is a good idea.

The time span of this inversion experiment should be extended now with the availability
of the recent additions to the network and the transport fields for more recent years. A longer-
term results set would enable better comparison with other methods. A logical next step with this
global atmospheric inversion method is the inclusion of a carbon dioxide column observation data
product from satellite retrievals to improve the observation density in those parts of the world that

are currently not well sampled.
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Chapter 5

Virtual Tall Towers and Future Networks

5.1. Introduction

This chapter covers two aspects of the future potential of the North American carbon
dioxide measurement network. The CE (continental extension) network introduced in Chapter 2
included four North American flux towers. In Chapter 4 we discussed the characterization of the
modeled and observed mixing ratio records at continental surface sites and concluded that mid-
day sampling was necessary in order to better match transport model capabilities with the
observations. In this chapter the virtual tall tower (VTT) concept is introduced; this is a
micrometeorological adjustment to continental surface layer carbon dioxide mixing ratio
observations to approximate observations in the mid-day mid-continental boundary layer. If the
transport model output is a better match to mid-boundary layer observations, then this adjustment
can be used at flux tower sites to simulate tall towers at the same locations.

Also in this chapter a method for creating simulated observations is presented. These
simulated observations are used to test future North American networks incorporating
observation locations that either already were instrumented in 2009 or are plausible sites for
future network expansion. Inversions with these future networks are used to test posterior flux
uncertainty reduction provided by additional North American sites.

In section 5.2, the methods for producing the VTT micrometeorological adjustment and
the simulated observations are described. Results are shown in section 5.3, and conclusions about

future networks are given in section 5.4. The inversion variations for this Chapter are documented
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in Table 5-1. The observation site-network cross reference can be found in the Appendix in

Table A-11.

Table 5-1: Inversion variations discussed in Chapter 5.

Inversion Network  # of Sites Description

Control Inversion CE 91 Continental Extension Network inversion described
in Chapter 2; model output co-sampled

Virtual Tall Tower Experiments

No surface layer, V1 79 No North American surface layer continuous sites

continental

continuous

VTT, No surface V2 86 VTT adjusted North American flux towers, highest

layer continuous level at LEF and WKT, and Tapajos flux tower
added to V1 network

VTT, Add FSD V3 87 VTT adjusted North American flux towers; FSD
added to V2 network

VTT version of V4 91 VTT adjusted North American flux towers; all other

control inversion sites same as CE network

Simulated Network Inversions

Future Network 1 F1 115 CE network plus 24 North American sites
representative of sites active in 2009

Future Network 2 F2 123 F1 network plus 8 more North American sites

5.2. Methods

5.2.1. Virtual Tall Tower Micrometeorological Adjustment

The virtual tall tower (VTT) micrometeorological adjustment to the surface layer

measured carbon dioxide concentration follows the mixed layer similarity theory for the vertical

gradient of a scalar in the boundary layer (Wyngaard and Brost, 1984; Moeng and Wyngaard,

1989). This vertical gradient is characterized by the fluxes at the top and bottom of the boundary

layer in terms of universal top-down and bottom-up gradient functions:
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where C'is a conserved scalar, in this case the mixing ratio of carbon dioxide in the continental

boundary layer, z is the height above the surface, g, and g, are the universal bottom-up and

top-down gradient functions scaled by the boundary layer depth z;, and w. is the convective

. .
velocity scale given by {% (w@o )} , where @, is the mean virtual potential temperature, w6,
0

is the sensible heat flux at the surface and g is the gravitational acceleration. The turbulent

surface and entrainment fluxes for the scalar are we, and we, . We implement this at the flux

tower locations using temperature, carbon dioxide mixing ratio, carbon dioxide and sensible heat
fluxes, all measured at the tower, and a displacement height implied by the local vegetation. We
then compute the difference between the mixing ratio measured at the tower height and the
mixing ratio that would be observed at 400 m above the ground using

AC =Y J. gb[z_djdz—awco J. gt(z_djdz (5-2)
w.z, z WeZ, 4

m l 1 Zy l

where AC is the difference between the carbon dioxide mixing ratio measured at z,, , the
measurement height (typically ~30 m), and the mixing ratio at z,,, , the virtual tall tower height

(400 m). d is the displacement height; g, and g, are the bottom-up and top-down gradient
functions from the empirical fit of Wang et al. (2007). Boundary layer depth and the entrainment
flux are not routinely measured; we calculate the boundary layer depth, z;, as in Yi et al. (2001),
and specify the fraction « of the turbulent carbon flux measured at the tower as an approximation

of the entrainment flux at the top of the boundary layer. Our formulation is applied to mid-day

hours only. Note that while there is no reason for the entrainment flux to be a fraction of the
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surface flux, this is not unusual during the day, and in most convective boundary layers the
entrainment flux contributes little to the mixing ratio difference between the surface layer and 400
m. We tested the adjustment for multiple years of observations at the WLEF tall tower in
Wisconsin, where we can compare the difference in carbon dioxide mixing ratio between 30 m
and 396 m to the adjustment from equation 5-2. We found it necessary to screen for minimal

sensible heat flux, boundary layer depth, and convective velocity scale; in particular, we omit

hours from the calculation where z,,. (chosen to be 400 m) is close to the top of the boundary

layer to minimize the contribution of the second term in equation 5-2 containing the unknown
entrainment flux. Overall we can employ the calculation for about half of the 12-16 LST hours
annually using this screening due to a combination of missing observation data and failure to
meet screening criteria. At the WLEF tall tower, we calculated the adjustments to the 30 m
observed mixing ratio to approximate the top of the tall tower and compared the results with the
396 m observed mixing ratio. Over a period of 6 years in the test, the calculated hourly
adjustment in summer was ~1 ppm with a bias of ~ -0.2 ppm; in spring and fall the adjustment
was less than 0.5 ppm with a bias of less than 0.1 ppm; in winter, the mean hourly adjustment is
close to zero with a bias of ~0.5 ppm and a higher rate of failure to meet the minimum criteria for

calculation.

5.2.2. Simulating Monthly Carbon Dioxide Mixing Ratios

We also test the uncertainty reduction that would be obtained by including in the
observation network an additional array of North American observation sites. The sites chosen
are primarily those that have well-calibrated carbon dioxide mixing ratio measurements in 2009

(simulated sites in Figure 5-1 and Table A-6).
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Figure 5-1: Symbols mark observing sites in the future network tests. Symbol color indicates the
network: 91-site continental extension (cyan); 24 sites added in 115-site future network (green); 8
additional sites in the 123-site future network (gold). Symbol shape indicates the type of
observation: quasi-continuous (circle), tall tower (diamond) and discrete (triangle).

We simulate monthly mean observations for these additional sites treating them as quasi-
continuous surface layer or tall tower sites. The intent is to simulate a seasonal cycle with
amplitude and trend consistent with nearby observations; the method should not be expected to
predict actual local observations. Monthly mean mid-day observations are created by adjusting
the monthly mean model output of the composite background fluxes (terrestrial, ocean , fossil,
and biomass burning) at these locations, using the default selection protocol (12-16 LST every
day). We calculate a 6-parameter fit of the modeled monthly mean mixing ratios using the IDL

curvefit routine (ITT Visual Information Systems) with a user-supplied function as

Cooa =4y +at +a, cos(27t) + ay sin (27t) + a, cos (47t )+ a, sin (47t) (5-3)
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where C,_,is the monthly mean time series of mid-day model samples of background fluxes for

five years at the site being simulated and ¢ is a time variable in years (0 to 5). We substitute the
offset and trend parameters ( q,,a, ) for the GLOBALVIEW (GLOBALVIEW-CO2, 2007)

marine boundary layer (MBL) fit interpolated to the same latitude as the observing site being
simulated. Finally, we adjust the amplitude of the harmonics to account for the amplitude of the
background SiB3 terrestrial flux being larger than observed in North America (Law et al., 2008).
The amplitude adjustment is based on comparison to nearby observation sites for which we do

have existing data. The simulated observation time series is then

Con=0a, +a, t+ ,B[a2 cos(27t) + a, sin (27t) + a, cos (47t ) + as sin (4m)] (5-4)

where [ is the multiplier adjustment for the harmonics. Monthly uncertainties are derived from

the monthly variability of the monthly mean model samples of the composite background fluxes,
and are at least as large as the monthly variability of actual observations at locations of similar
type. The offset, trend and harmonics multipliers used for each simulated site are listed in Table
5-2. For the three sites with offset and trend marked “n/a” in Table 5-2, some observations exist
for the 2000-2005 time period of our experiment. These incomplete time series were gap-filled
with the GLOBALVIEW-CO2 (2007) data product. The amplitude multiplier adjustment for
these sites is the computed ratio of the harmonics of the gap-filled and composite background
model output fits. The simulated observations will be smoother than the actual observations and
will not take into account short-term deviations from the seasonal cycle. The simulated time
series (not shown) are better matched to observations at the northern forested sites which have

distinct seasonal cycles.



Table 5-2: Parameters for Simulated Observation Time Series. Site No.
is a reference to the sites in Table A-6. The simulation parameters are
Offset (ppm), Trend (ppm yr'), and Amplitude Multiplier (B). See text
for description of the simulation algorithm and n/a entries.

Location Simulation Parameters
Site No. Lat. Lon. Offset Trend B
1 5495 -112.47 368.56 2.09 0.55
2 53.87 -104.65 n/a n/a 0.55
3 45.03 -68.68 n/a n/a 0.56
4 44.72 -96.09 368.11 2.23 0.55
5 44.67 -124.07 368.11 2.23 0.55
6 4450 -123.55 368.10 2.23 0.55
7 4445 -121.56 368.09 2.23 0.55
8 4345 -119.72 368.08 2.24 0.55
9 43.93 -60.02 n/a n/a 0.63
10 41.72 -91.35 368.21 2.22 0.65
11 40.56 -111.64 368.34 2.19 0.85
12 4045 -106.73 368.36 2.19 0.85
13 40.05 -105.58 368.42 2.17 0.85
14 40.05 -105.01 368.42 2.17 0.85
15 41.48 -96.44 368.27 2.21 0.55
16 3991 -105.88 368.44 2.17 0.85
17 39.32 -86.41 368.51 2.15 0.55
18 39.06 -79.42 368.54 2.14 0.55
19 38.74 -92.20 368.57 2.13 0.55
20 38.57 -121.47 368.59 2.13 0.55
21 38.53 -78.43 368.59 2.13 0.80
22 36.46 -109.10 368.72 2.09 0.85
23 35.93 -84.33 368.73 2.09 0.55
24 33.40 -81.83 368.79 2.06 0.55
25 4971 -112.93 368.44 2.12 0.55
26 49.69 -74.34 368.44 2.12 0.80
27 48.13 -97.98 368.37 2.14 0.80
28 4432 -79.93 368.09 2.24 0.80
29 34.25 -89.97 368.77 2.07 0.60
30 31.70 -110.72 368.82 2.04 0.60
31 29.77 -82.20 368.82 2.04 0.60
32 26.00 -112.50 368.74 2.08 0.60
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5.3 Results

5.3.1. Testing the Virtual Tall Tower Concept

For the four North American flux towers in the 91-site CE (continental extension)
network, we calculate the adjustment to approximate the 400 m carbon dioxide mixing ratio for
each mid-day hour with available data meeting minimum criteria. Monthly means of the VI T
adjusted observations are calculated and shown in the first column of Figure 5-2 for three North
American flux towers (rows A, B and C) and the observed mixing ratio of carbon dioxide at the
396 m level of the WLEEF tall tower (row D). Figure 5-2 also shows the differences in monthly
means calculated from the VTT adjusted mixing ratios compared to the surface values (column
2), and the difference in model samples from 400 m (between layers 2 and 3 in the model
atmosphere) and the surface (column 3). In row D of Figure 5-2, the third column shows the
differences between model samples at 396m and 30m at the WLEF tall tower to show this
difference at an existing tall tower.

The vertical difference in the monthly mean mixing ratios of observations and model
samples is similar for the tall tower. The difference between the VTT adjusted observations and
the model samples at the flux towers is of similar order of magnitude. It cannot be determined
from this simple comparison whether dissimilarities in the seasonal pattern and amplitude of the
differences are due to failure of the VIT adjustment algorithm or possible problems with the

vertical gradient in the model transport.
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Figure 5-2: The first column shows example monthly mean VTT adjusted mixing ratios at flux
towers: rows A Howland Forest, B Harvard Forest, and C Southern Great Plains. The second
column shows the difference between monthly mean VTT adjusted and surface layer mixing
ratios. The third column shows differences in modeled mixing ratios at 400 m and surface layer at
the same locations. Row D shows the equivalent differences in observations and model samples
between the 396 m and 30 m heights of the WLEF tall tower. All units are ppm CO,. Data points
marked with asterisks (*) indicate gap-filled data.

We test the virtual tall tower concept with inversions for four networks (Table 5-1),
varying the number of sites in North America: the 79-site V1 network with no continuous
observing sites in North America, the 86-site V2 network adding the observations at the top of the
Wisconsin (LEF) and Texas (WKT) tall towers and the VTT adjusted observations at the four
North American flux towers, the 87-site V3 network adding Fraserdale (FSD), and the 91-site V4
network that has the same sites as the continental extension (CE) network, but with VTT adjusted
time series for the four flux towers. See also the network-site cross reference in Table A-11. The
results are shown in Figure 5-3, where the thick black line and shading represent the results of

the control inversion using the 91-site continental extension network (CE) from Chapter 2.
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Figure 5-3: Mean annual fluxes and uncertainties for 2001-2003 for A) Boreal regions and B)
Temperate North American regions illustrating the use of surface layer and virtual tall tower
adjusted carbon dioxide mixing ratio observations. Solid line and shading represent the 91-site
CE network inversion. Symbols indicate the network used in the inversion: 79 sites (V1,
trianglesl), 86 sites (V2, diamonds), 87 sites (V3, squares) and 91 sites (V4, circles). All units are
PgCyr .

The V1 network inversion result (triangles in Figure 5-3) demonstrates the increase in
uncertainties in the regions where the continental, continuous North American sites are located in
the CE network (for example, different flux solutions for Eastern Boreal and Central Plains
regions and increased uncertainty in many of the Temperate North American regions). Adding the
VTT-adjusted flux tower sites and the top level of the LEF and WKT tall towers in the V2
network (diamonds in Figure 5-3) brings the Eastern Boreal and Central Plains results closer to
the control inversion and significantly reduces the uncertainty of Eastern Boreal, Central Plains,
North Central and Northeast regions where these introduced observing sites are located. The

Fraserdale site included in the V3 network is seen to be essential for constraining the flux in the
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Eastern Boreal region (squares) and the two lower levels of the tall towers used (30 m and 122 m)
help to reduce the uncertainty in the Central Plains and North Central regions. Overall the VIT
version of the CE network (V4, circles) results in a solution very close to the fluxes and
uncertainties of the control inversion, with some redistribution of flux in Europe, Boreal Asia and

the North Pacific and North Atlantic Oceans.

5.3.2. Inversions for Future Networks

We conduct a further experiment with simulations of monthly carbon dioxide mixing
ratio time series at sites that have well-calibrated carbon dioxide measurements in 2009 to see
what affect additional sites could have on our inversion. These are flux towers, tall towers, and
instrumented sites located in complex terrain. We seek to determine the degree to which this
expanded network will resolve the source/sink pattern within North America and reduce the
uncertainty of the inversion solution, while not affecting the global distribution of sources and
sinks in any significant way. We simulate monthly carbon dioxide time series for 2000-2004 at
these new observation locations as well as at a few additional potential quasi-continuous
observation sites in order to test the ability of these data to further reduce the uncertainty of the
flux solution for the sub-regions in North America using this inversion method. There are two
inversions in this part of the experiment (Table 5-1): the 115-site F1 network with the additional
24 sites in operation in 2009, and the 123-site F2 network with 8 additional sites at locations
chosen to improve observation coverage. These 8 additional sites are at locations which are
planned or have had observation programs in the past, although not necessarily well-calibrated

carbon dioxide measurements.
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Figure 5-4: Mean annual uncertainty reduction (in percent) for 2001-2003 for North American
regions in three networks: 91-site CE network (squares); 115-site F1 network with simulated
observations from 24 North American sites (diamonds); 123-site F2 network with simulated
observations from 8 additional North American sites (circles).

Figure 5-4 shows the 2001-2003 mean uncertainty reductions (defined in Chapter 2 as

1——2  expressed as percent) achieved relative to the a priori uncertainty specifications.

prior
Addition of observing sites in the F1 network in the Pacific Northwest region results in a
significant reduction in uncertainty in the Pacific Northwest and a lesser reduction in the Western
Boreal region. The uncertainty reduction due to additional observations is also marked in the
Southeast. The uncertainty of the Subtropical region is not improved until a site is added there in
the 123-site F2 network inversion. More than two sites in a region does not reduce the uncertainty

much, but the degree to which these data would truly be redundant has yet to be tested with true
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observations. This would be a good test of the inversion methodology for a more recent time
period when there are more observations available.

Figure 5-5 compares the 47-region posterior annual covariance matrices for 2002 for the
control inversion (CE network) and the F1 network. The region numbers on these charts are
referenced to Figure A-1 and Table A-1. Boreal North America is composed of regions 5-7 and
North America, regions 8-14. Within North America variances are reduced in many regions:
Pacific Northwest from 0.11 to 0.01, Southeast from 0.06 to 0.02, Northeast from 0.05 to 0.03,
and the Central Plains from 0.04 to 0.02 (Pg C yr'')*. Changes in variances outside of North
America are not significant (largest change is -0.03 (Pg C yr')* in Northern Temperate South
America). A few significant covariances remain among the North American regions compared to
the covariance matrix from the control inversion. Only the covariances among Boreal regions and
between the Eastern Boreal and Northeast regions have magnitude larger than 0.01 (Pg C yr'')*
and none of these is of magnitude greater than 0.02 (Pg C yr'')*. Covariances between the North
American regions and the remainder of the global regions all have magnitude smaller than 0.01
(Pg C yr")* except for the covariances between Western Boreal-Boreal Asia (-0.042 (Pg C yr')?),
Western Boreal-Temperate Asia (-0.015 (Pg C yr'')?), Eastern Boreal-Boreal Asia (+0.010 (Pg C
yr'")?), and Subtropical-Central America (-0.012 (Pg C yr')?). The 2002 posterior annual
covariance matrix for the 123-site F2 network inversion is very similar to the F1 network

inversion result shown at the bottom of Figure 5-5.
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Posterior Annual Covariance - CE Network Inversion
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Figure 5-5: Posterior annual covariance matrix for 2002 for CE network inversion (top) and F1
network inversion (bottom). Region number references are in Figure A-1 and Table A-1.
Variances in (Pg C yr')* are shown on the diagonal for North American regions. Shaded boxes
contribute > 0.1 Pg C yr’' to the region uncertainty.
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Posterior Annual Covariance
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Figure 5-6: Posterior annual covariance matrix for 2002 for the 115-site F1 network for 22
aggregated land and ocean basin regions. Variances in (Pg C yr)* are shown on the diagonal.
Shaded boxes contribute > 0.1 Pg C yr' to the aggregated region posterior uncertainty.

The posterior covariance matrix for 2002 annual fluxes for the aggregated TransCom
regions (Table A-1) and the 115-site F1 network is presented in Figure 5-6. Variances are
reported on the diagonal. Off-diagonal values are annual covariances indicating the extent to
which the inversion determines the adjustments to the annual fluxes for each region as
independent of the other regions. The shading of off-diagonal values indicates covariances which
impact the annual uncertainty of these aggregated regions by 0.1 Pg C yr"' or more. The ocean
regions are for the most part independent by this measure, as is also true with the CE network

inversion (see Figure 2-5 in Chapter 2). The variance for Boreal North America is reduced from
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0.09 to 0.06 (Pg C yr')* relative to the CE network inversion; the Temperate North America
variance is reduced similarly from 0.15 to 0.07 (Pg C yr') ; the covariance between them is
changed from -0.05 to -0.02 (Pg C yr')* (area bounded by heavy black line in lower left corner
of Figure 5-7). With the exception of small dependences between Boreal North America and
Boreal and Temperate Asia, and between Temperate North America and Tropical America and
North Africa, North America is independently constrained with this network. This network does
not, however, constrain the South American and African regions (bounded by heavy black lines
in Figure 5-7); the largest covariances are there: -0.39 (Pg C yr')* between Tropical America and
Temperate South America, -0.21 (Pg C yr'')* between Northern Africa and Southern Africa, -0.12
(Pg C yr')? between Temperate South America and Southern Africa. The next largest covariance
is -0.10 (Pg C yr'")? between Boreal Asia and Europe. As with the CE network inversion, we
cannot justify the inversion solution for sub-regions within South America and Africa with the
networks tested. Adding the 8 sites in the 123-site F2 observation network does not significantly

change the aggregated posterior covariance or the regional posterior covariance.

5.4. Discussion

5.4.1. Use of the VI'T Adjustment at Flux Tower Sites

This adjustment, which can be calculated at flux tower sites with standard observation
data, is intended to approximate mid-boundary layer carbon dioxide mixing ratios from surface
values. Assuming that the transport above the model surface layer is more accurately modeled
and that the calculated mid-boundary layer value is representative of a larger area than the
immediate vicinity of the flux tower, this adjustment could be used to simulate tall towers at flux

tower sites. The VTT adjusted monthly mean carbon dioxide concentrations at the flux tower
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sites we use here are within 1-2 ppm of surface values for most months of the year; model
samples for the same hours with this transport model show differences on the order of 1 ppm in
the summer and 2 ppm in winter. This difference in model and adjusted surface mixing ratios
appears not to cause large excursions in the inversion results. The VIT adjustment can only be
calculated during mid-day hours with convective conditions, so selected hours time-of-day
sampling must be used in both observations and model. The availability of the measured
quantities required to calculate the VIT adjustment and the screening for appropriate convective
conditions reduces the number of hours of observations by about one half, but this also appears
not to have a large effect on the inversion results. Consideration must, however, be given to the
bias in favor of convective conditions and an increased uncertainty in the adjusted observations
(not implemented here) due to the uncertainties of the observed quantities used in the adjustment
and the approximations used. Depending on the boundary layer representations in other transport
models, this may be a viable approach if middle levels of the boundary layer are true to the

observations even when the surface representation is not.

5.4.2. Future Networks

We show here that the 2009 network of 115 observation sites does reduce the uncertainty
in the regional inversion solution in North America, with the exception of the Subtropical region,
which has no observation sites in this network. Using either half of the additional 24 observation
sites in the F1 network yields marginally different flux results but very little difference in
uncertainty (not shown). The difference in the solutions appears to be the extent to which regions
within North America are constrained by the local observations. A few observation sites (2-3)
appear to be adequate to constrain regions of the size used in this experiment, but this should be

tested with the real observation data when it is available. For this experiment, there are adequate
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observations to constrain Temperate North America. The increased density of observations
available in the F1 network makes regional atmospheric inversions with finer spatial resolution

more feasible.

5.5. Conclusions

This set of inversion experiments was intended to show the potential of using newly
available North American well-calibrated carbon dioxide measurement time series in a global
atmospheric inversion. The virtual tall tower concept was also implemented to study how mid-
boundary layer continental measurements might be more compatible with transport model
samples. Following are specific recommendations for future network design and inversion
experiment design:

The virtual tall tower adjustment to surface observations, which can be calculated using
atmospheric and carbon flux variables at flux tower sites, may be appropriate for use with
transport models that represent the continental boundary layer ~400 m above the surface better
than at the surface. The adjustment brings an added uncertainty from the observed variables used
in the algorithm and the limited conditions under which the adjustment can be calculated.
Inversion results using the VTT adjusted observations are comparable to those using mid-day
surface layer observations at the same locations in our experiment.

The addition of multiple sites in North America with well-calibrated, quasi-continuous
carbon dioxide measurements offers opportunities for regional atmospheric inversions at finer
spatial resolution as well as the global atmospheric inversion studied in this paper. Having a few
observations in each region of the size used here appears to be enough to resolve the flux. Using

half of the new observation sites gives uncertainty reductions nearly equivalent to the whole set.
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The time span of this inversion experiment should be extended now with the availability
of the recent additions to the network and the transport fields for more recent years. A longer
analysis period of inversion results would enable better comparison with other methods, and
might permit inclusion of some of the sites simulated in the future networks in this work. A
logical next step with this global atmospheric inversion method is the inclusion of a carbon
dioxide column observation data product from satellite retrievals to improve the observation

density in those parts of the world that are currently not well-sampled.
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Chapter 6

Summary and Future Work

In this work we have used a Bayesian synthesis global atmospheric inversion to infer
carbon sources and sinks for sub-continental regions and ocean basins for the period 2001-2003.
The experiment includes several variations of the inversion intended to explore both methods and
network design. We find that including continental measurements of carbon dioxide can improve
the inversion results by reducing the uncertainty of the spatial and temporal distribution of
continental carbon sources and sinks. Including continental sites in such an inversion requires
simple sub-sampling of well-calibrated carbon dioxide time series for well-mixed conditions, but
otherwise these data appear no more challenging to use than the “remote” data traditionally used
in atmospheric inversions.

Section 6.1 covers methodological improvements introduced in this work and remaining
issues; section 6.2 highlights findings about network design. Recommendations for future work
are in section 6.3. The inversion results from the continental extension network in Chapter 2 have
been contributed to the North American Carbon Program Interim Synthesis activity and to a 2009
comparison of contemporary inversions by the Atmospheric Transport Model Intercomparison

(TransCom) working group.

6.1. Methodology

As with any difficult problem, initial solution methods often involve simplifications and
assumptions that make the problem more tractable. The initial approaches are avenues to learning

about the problem and the significance and consequences of the assumptions in the methods.
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Over time the methodological issues are addressed or new methods are applied. We follow in a
long line of researchers using the least squares analytic linear solution method, knowing that
criteria for use of the method are not met. We hope, as Tarantola (2005) warns, that we have not
violated the criteria too much.

We have addressed some of the simplifications in the method that have been used in
previous work. Instead of re-using a single year of meteorological driver data in a climatology
approach to atmospheric transport, we have used transport fields appropriate for the years of the
analysis. Using annually varying atmospheric transport required modification of the inversion to
accommodate annual variability in all transport response functions. In addition, we used carbon
dioxide time series data directly in computing monthly means at each site and co-sampled the
transport model output to match the observation hours. Earlier practices of using a smoothed data
product and reusing transport fields may have been appropriate when the intent of the inversion
was a mean annual or mean seasonal flux solution.

We accepted the background fluxes as fact; any adjustments calculated in the inversion
are assumed to be adjustments to the background terrestrial and ocean surface fluxes. Although
we have implemented seasonal variation in the fossil fuel emissions and tested the sensitivity of
our results to non-varying vs. seasonally varying emissions, the underlying spatial distribution we
used is out-of-date for the inversion analysis time period. Errors in this distribution are aliased in
the adjustments to the terrestrial background flux. Our results were not sensitive to the choice of
terrestrial background flux in regions of high observation density. The SiB3 and CASA fluxes do
not agree in some regions on amplitude or timing of seasonal cycles, but this inversion method
could correct both to a common solution in regions that are well-represented in the observation
network. This is consistent with an overall finding that regions with adequate representation in
the global observation network are generally not overly reliant on either the terrestrial

background flux used or the magnitude of the prior flux uncertainties.



100

Some aspects of the method have not been addressed here; the principal assumptions that
the errors in the data, forward model, and priors are Gaussian and not correlated are still
outstanding. We have used diagonal prior covariance matrices for both carbon fluxes and
atmospheric mixing ratio data, knowing that this cannot be completely correct. If this assumption
were strictly true, then the posterior flux covariance matrix and the data residuals should also
describe Gaussian distributions. The data residual distribution is more peaked than Gaussian and
centered at a few tenths of a ppm below zero, and the posterior flux covariance still holds off-
diagonal elements, primarily between regions not well represented in the observation network.
This would suggest that a general linear solution method would be more appropriate, using prior
covariance matrices for both flux and data that include the appropriate covariances in space and
time. We have chosen to follow past practitioners in following a solution technique that is not
quite adequate, but useful for its relatively straightforward application and informative solution
products. The main consequence of using the method is that the posterior flux uncertainties we
report are dependent on our assumed uncertainties in the prior fluxes and data. Neglecting the
prior covariances may cause our posterior uncertainties to be too small. Additional research with
improved methods is required to address this.

We also assume that the underlying pattern of flux distribution within each region is
correct, so that the flux solution applies to a whole region. This is also unlikely to be true, but this
assumption should become less important as the spatial resolution of the solution is pushed
toward smaller regions where the biota are likely to respond in similar ways to weather and
climate patterns. In this work, we show that sub-continental regions can work in North America
with its relatively dense observation network; elsewhere the global network is too sparse to

support this sub-continental spatial resolution.
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6.2. Network Design

We have successfully incorporated carbon dioxide time series, calibrated to global
standards, from flux towers, in the observation network used for global atmospheric inversions.
We sub-sampled the observations from these sites for mid-day hours to choose conditions when
the continental boundary layer is most likely to be well-mixed, conditions most likely to be
simulated best by the transport model. An inversion for the network including four flux towers in
North America resulted in a reduction of the 2001-2003 mean annual North American sink by
15% to about 0.4 PgC yr' compared to an inversion for a typical global network of quasi-
continuous and discrete sampling sites.

We recommend co-sampling the model atmosphere at the same times as the observations
when using actual observations rather than a smoothed data product. Inversion variations using
transport model samples from all hours, and even hours selected using default sampling criteria,
when matched against our observation data set, produced anomalous inversion results, especially
for regions with continental quasi-continuous observing sites.

We used an empirical approach to the question of balancing region size and number of
observation sites. We defined ten regions in North America, for example, based roughly on
climate, ecosystem factors, and the distribution of available observations. We did not design the
network, but chose existing sites or those that have the potential of being instrumented for carbon
dioxide measurement and calibration to global standards. Our results showed that the incremental
uncertainty reduction in source/sink estimation is local to the region in which additional sites are
located. In the previously unrepresented Northeast region, adding two sites resulted in reduced
uncertainty for the region and reduced posterior covariance with other regions within North

America. The two sites are in different forest ecosystems, with carbon dioxide time series that
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differ in amplitude of seasonal cycle and five-year growth trend; together they provide
complementary information to the inversion solution.

On the other hand, including co-located surface sites provides little new information to
the inversion; there will appear to be a reduction in posterior uncertainty but little modification of
the flux. In the interests of increasing the independence of the observations and their errors, we
recommend that locations not be duplicated in the observation network unless it is clear that the
observation sites sample different air masses, such as those separated vertically by a thousand
meters or more. Much finer transport model resolution than we used would be required to
distinguish surface sites near each other. For example, in our inversions, the two discrete
sampling sites in Bermuda cannot both be modeled well even when their shared transport model
grid cell is co-sampled to match the different sampling times at these two sites.

We also tested classes of sites other than continental flux towers that have been
challenging to past inversions, and do not have enough information to draw firm conclusions
about the results. We included one North American aircraft profile and one high altitude western
Pacific Ocean transit time series in our global observation network. The North American profile
increases the North American sink estimate slightly and reduces the posterior uncertainty by a
very small amount. There are more North American aircraft profile sampling observations now
that could be included in future testing. They should be useful either as observation sites in the
inversion network or as validation of the inversion output. The high altitude Pacific Ocean transit
series, however, provides a different solution for the fluxes in the Pacific basin regions compared
to a network using surface observations from ships in the central Pacific. Using both the high
altitude and surface data from the Pacific Ocean yields a result that mostly closely resembles the
inversion variation using the surface data and not the high altitude data. Further validation of the

transport model performance at high altitudes is recommended.
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Including or omitting the mountain top sites in Europe causes redistribution of posterior
flux between north central Europe and Boreal Asia. With no observation sites in Boreal Asia in
the networks tested, there is not enough information for the inversion to separate the flux
contributions of north central Europe and Boreal Asia consistently. The balance of estimated
fluxes between these two areas shifts with different network configurations. Defining sub-regions
within Boreal Asia might help to localize the least constrained areas; this would be helpful for
network design and the placement of future observation sites, but would not necessarily improve
the estimated flux solution with the networks used here. Including north central Europe in the
Boreal Asia region, rather than in the aggregated Europe region might also result in more
consistent results with the observation networks tested in this experiment.

The scarcity of measurement sites in Southern Hemisphere land regions, especially South
America, makes it unlikely that we can distinguish between South America and Africa in our
inversion solutions. The one South American site we used is not modeled well by the terrestrial
background flux. Improvements are needed in the terrestrial flux products, especially in areas
with sparse measurements. More continental observation data are needed in the Southern
Hemisphere in general. With the current networks, the regions with low observation density are
where the background fluxes and tighter prior uncertainties are necessary to constrain the
inversion solution to be biogeochemically realistic.

A final note about networks concerns the requirement of our method for gap-free
observation time series; gaps will occur in the actual measurements due to instrument problems
and changes in measurement programs. Although gap-filling strategies can be used to estimate
the missing observations, this inversion method requires long-running observation sites. The
alternative of using shorter windows of time for inversions with changing network components

makes determination of long-term trends more difficult.
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6.3. Future Directions

This inversion as currently configured should be run for a longer analysis period to
determine long term trends and annual variability. This would enable better comparisons with
other contemporary inversions. A more recent analysis period would also permit the use of many
of the continental sites now operational that we tested in our future network experiments. The use
of the aircraft profile observations could also be more thoroughly tested. It may be possible to
reduce the region sizes in North America with a denser observation network. The virtual tall
tower adjustment could also be investigated at more sites and with more atmospheric transport
models to develop more general criteria for use. Improved versions of the background fluxes and
finer spatial resolution of the transport model can lead to mutual improvement of the terrestrial
and ocean fluxes and the transport models. Continued comparisons of results using alternative
background fluxes and different transport models as in the continuing TransCom model
comparison projects is necessary as we are not yet at the stage where the results from different
methods converge.

The method we used could be used to conduct a network optimization exercise to choose
surface observation sites for future networks. There have been other network optimization efforts
(e.g., Gloor et al., 2000; Patra et al., 2003; Patra et al., 2006; Rayner, 2004), but these do not
include current observation sites nor do they deal with the temporal or spatial solution structure
we have used here. Finding an appropriate balance between the density of the observation
network and the size of regions for flux estimation is still a goal.

This inversion should also be modified to make use of new types of observations,
especially column CO, data products from the Total Column Carbon Observing Network
(TCCON) (Washenfelder et al., 2006; Yang et al., 2007) and the satellite observations from

programs designed for CO, retrieval: Greenhouse gases Observing SATellite (GOSAT, also
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know as IBUKI) (Yokota et al., 2004) and a possible replacement of the failed Orbiting Carbon
Observatory (OCO) (Crisp et al., 2004). Advantages of incorporating column CO, into the
observing network include the increased global coverage not likely with a surface network and
resolution of the question of whether surface sources/sinks can be adequately characterized with
only surface observations (Stephens et al., 2007). Experiments with other inversion methods are
already being conducted with simulated column CO, products. The inversion method we used,
while violating some criteria for applicability, is expedient for use as a first approach, and
belongs in the inversion toolkit for initial assessments of new observation types and transport
models, and perhaps also to supply boundary conditions, prior fluxes or covariances to alternative
methods.

There is much work yet to do before we can be confident in our diagnosis of global
carbon sources and sinks at a resolution that will be useful for either variability attribution or

regulatory monitoring.
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The spatial resolution of the inversion is shown in Figure A-1. In Table A-1, the land

regions are named and aggregated regions that conform to the Atmospheric Transport Model

Intercomparison Project (TransCom) regions are defined.
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Table A-1: Region Names and Definitions of Aggregated Regions. The aggregated land regions
correspond to land regions used in the Atmospheric Tracer Transport Model Intercomparison
Project (TransCom); ocean regions are consistent with the TransCom ocean regions.

Aggregated Region Map Number  Region Name
Boreal North America
5 Western Boreal North America
6 Northern Boreal North America
7 Eastern Boreal North America
Temperate North America
8 Pacific Northwest North America
9 Central Plains North America
10 North Central North America
11 Northeast North America
12 Southwest North America
13 Southeast North America
14 Subtropical America
Tropical America
15 Central America
16 Northern Amazonia
17 Southern Amazonia
Temperate South America
18 Northern Temperate South America
19 Southern Temperate South America
Northern Africa
27 Mediterranean Coast Africa
28 Northern Arid Africa
29 Northern Dry Savanna
30 Northern Mesic Savanna
35 Horn of Africa
Southern Africa
31 Western Forest Africa
32 Southern Mesic Savanna
33 Southern Dry Savanna
34 Southern Arid Africa
36 Madagascar
Boreal Asia 1 Boreal Asia
Temperate Asia 2 Temperate Asia
Tropical Asia 3 Tropical Asia
Australia 4 Australia
Europe
20 British Isles
21 Scandinavia
22 North Central Europe
23 Western Europe
24 Interior Central Europe
25 Eastern Europe

Iberia
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A.2. Observation Data Sources

Table A-2: Key to Observation Measurement Program Agencies

Acronym Agency

AEMET Meteorological State Agency of Spain

CESI RICERCA Environment and Sustainable Development Department (Italy)

CNR-ICES International Center for Earth Sciences (Italy)

CSIRO CSIRO Marine and Atmospheric Research GASLAB (Australia)

DOE LBNL Department of Energy Lawrence Berkeley National Lab

EC Environment Canada

ENEA Italian National Agency of New Technologies, Energy and Environment

FMI Finnish Meteorological Institute

Harvard Harvard University

HMS Hungarian Meteorological Service

IAFMS Italian Air Force Meteorological Service

IMA Japan Meteorological Agency

MRI NIES Meteorological Research Institute, National Institute for Environmental
Studies (Japan)

NOAA ESRL National Oceanic and Atmospheric Administration, Earth System
Research Laboratory, Global Monitoring Division (USA)

PNRA Italian Antarctic Program

SAWS South African Weather Service

UBA Umweltsbundesamt Germany

UBAA Umweltsbundesamt Austria

USDA FS US Department of Agriculture Forest Service

The data are available from the following sites: NOAA ESRL Observatories:

ftp://ftp.cmdl.noaa.gov/ccgg/co2/in-situ/; NOAA ESRL Discrete Surface sites:

ftp://ftp.cmdl.noaa.gov/ccgg/co2/flask/event/; NOAA ESRL Aircraft Vertical Profiles from C.

Sweeney (NOAA request 3346215); flux tower data at Harvard Forest, Howland Forest and

Tapajos from Ameriflux: http://public.ornl.gov/ameriflux/dataproducts.shtml; flux tower data at

Northern Old Black Spruce from Harvard University: http://www.seas.harvard.edu/lab/index.html

Data Exchange; flux tower data from Southern Great Plains from ARM DAAC:

http://www.archive.arm.gov/; Pallas-Sammaltunturni carbon dioxide data from J. Hatakka,

personal communication, March 2009; all other observation data from the World Data Center for

Greenhouse Gases: http://gaw.kishou.go.jp/wdcgg/wdcgg.html.
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Observation sites used are presented in Table A-3 (quasi-continuous), Table A-4

(discrete surface) and Table A-5 (discrete aircraft) observations sites. Sites with simulated

observations are described in Table A-6.

Table A-3: Continuous/Quasi-Continuous Observation Sites. Variability indicates the minimum

and maximum calculated monthly observation standard deviation in ppm CO,.

Location Variability
Site Lat. Lon. Min Max Agency Reference
Alert (ALT) 82.45 -62.52 0.50 272 EC Higuchi et al. (2003)
Barrow (BRW) 71.32 -156.60 0.53 3.69 NOAAESRL Thoning et al. (2007)
Pallas-Sammaltunturi (PAL) 67.97 24.12 0.74 5.38 FMI Hatakka et al. (2003),
Aalto et al. (2002)
Northern Old Black Spruce 55.88 -98.48 1.21 11.93 Harvard Dunn et al. (2006)
(NOBS)
Fraserdale (FSD) 49.88 -81.57 0.95 595 EC Higuchi et al. (2003)
Schauinsland (SCH) 48.00 8.00 1.24 5.03 UBA Uhse (2006)
Schneefernerhaus (ZSF) 47.42 10.98 1.06 4.09 UBA Uhse(2006)
Sonnblick (SNB) 47.05 12.05 1.23 4.06 UBAA Friedbacher et al.
(2007)
Hegyhatsal (HUN) 46.95 16.65 2.35 10.31 HMS Haszpra et al. (2008)
Plateau Rosa (PRS) 4593 7.70 0.76 344 CESI Apadula et al. (2003)
RICERCA
Park Falls 30m (LEF030) 45.93 -90.27 1.30 8.23 NOAAESRL  Andrews et al. (2008)
Park Falls 122m (LEF122) 45.93 -90.27 1.28 8.05 NOAAESRL  Andrews et al. (2008)
Park Falls 396m (LEF396) 45.93 -90.27 1.24 8.11 NOAAESRL  Andrews et al. (2008)
Howland Forest (HOW) 45.20 -68.74 1.57 8.29 USDAFS Hollinger et al. (1999)
Monte Cimone (CMN) 44.18 10.70 1.35 3.69 IAFMS Santaguida (2008)
Harvard Forest (HFM) 42.53 -72.17 2.61 11.16 Harvard Urbanski et al. (2007)
Ryori (RYO) 39.03 141.82 1.58 8.61 JMA Esaki (2009)
Southern Great Plains (SGP) 36.80 -97.50 1.66 9.37 DOE LBNL Fischer (2005),
Fischer et al. (2007)
Moody 30m (WKT030) 31.32 -97.33 0.77 6.86 NOAA ESRL  Andrews et al. (2008)
Moody 122m (WKT122) 31.32 -97.33 0.93 6.84 NOAA ESRL  Andrews et al. (2008)
Moody 457m (WKT457) 31.32 -97.33 0.93 6.27 NOAA ESRL  Andrews et al. (2008)
Tenerife (1ZO) 28.30 -16.48 0.57 1.78 AEMET Gomez-Pelaez et al.
(2005)
Yonagunijima (YON) 24.47 123.02 0.94 3.78 JMA Tsutsumi et al. (2006),
Esaki (2009)
Minamitorishima (MNM) 24.30 153.98 0.53 230 IMA Esaki (2009)
Mauna Loa (MLO) 19.54 -155.58 0.50 0.99 NOAAESRL Thoning et al. (2007)
Tapajos (TPJ) -2.86 -54.96 1.53 8.28 Harvard Hutyra et al. (2007)
Tutuila (SMO) -14.24 -170.57 0.51 1.21 NOAA ESRL  Thoning et al. (2007)
Cape Point (CPT) -34.35 18.49 0.50 0.99 SAWS Brunke (2007)
Jubany (JBN) -62.23 -58.82 0.58 0.98 PNRA, CNR- Ciattaglia et al. (1995),
ICES, DNA Ciattaglia et al. (2008)
South Pole (SPO) -89.98 -24.80 0.53 0.72 NOAA ESRL  Thoning et al. (2007)
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In Table A-4, the discrete surface sites Estevan Point (ESP) and the Pacific Ocean series (POC)

are used only in site sensitivity testing. Longitude locations for the Pacific Ocean series are

indicative of the model grid sampled and not the observations. See Section 3.n in Chapter 3 for

discussion of ESP and Section 4.n in Chapter 4 for the use of the Pacific Ocean series.

Table A-4: Discrete Surface Observation Sites. Variability indicates the minimum and
maximum calculated monthly observation standard deviation in ppm CO,.
Location Variability
Site Lat. Lon. Min Max Agency Reference
Alert (ALT) 82.45 -62.52 0.55 3.14 NOAAESRL Conway et al. (2008)
Ny-Alesund (ZEP) 80.00 11.88 0.57 3.43 NOAAESRL Conway et al. (2008)
Barrow (BRW) 71.32 -156.60 0.50 540 NOAAESRL Conway et al. (2008)
Station M (STM) 66.00 2.00 0.51 298 NOAAESRL Conway et al. (2008)
Storhofdi (ICE) 62.00 -20.29 0.53 3.28 NOAAESRL Conway et al. (2008)
Baltic Sea (BAL) 55.35 17.22 1.93 9.35 NOAAESRL Conway et al. (2008)
Cold Bay (CBA) 55.20 -162.82 0.50 296 NOAAESRL Conway et al. (2008)
Mace Head (MHD) 53.33 -9.90 0.50 3.54 NOAA ESRL Conway et al. (2008)
Shemya Island (SHM) 52.72 174.10 0.59 3.79 NOAA ESRL Conway et al. (2008)
Estevan Point (ESP) 49.38 -126.55 0.64 10.03 EC Higuchi et al. (2003)
Hegyhatsal (HUN) 46.95 16.65 1.35 10.36  NOAA ESRL  Conway et al. (2008)
Sary Taukum (KZD) 44.45 77.57 0.79 527 NOAAESRL Conway et al. (2008)
Ulaan Uhl (UUM) 44.45 111.10 0.67 6.41 NOAAESRL Conway et al. (2008)
Black Sea (BSC) 44.17 30.00 0.71 12.76 NOAA ESRL  Conway et al. (2008)
Plateau Assy (KZM) 43.25 77.88 0.62 451 NOAAESRL Conway et al. (2008)
Niwot Ridge (NWR) 40.05 -105.58 0.51 295 NOAAESRL Conway et al. (2008)
Wendover (UTA) 39.90 -113.72 0.51 3.38 NOAAESRL Conway et al. (2008)
Azores 38.77 -27.38 0.50 3.18 NOAA ESRL Conway et al. (2008)
Tae-Ahn Peninsula (TAP) 36.73 126.13 0.70 798 NOAA ESRL Conway et al. (2008)
Mt. Waliguan (WLG) 36.29 100.90 0.66 3.42 NOAAESRL Conway et al. (2008)
Lampedusa (LMP) 35.52 12.62 0.53 436 ENEA Artuso et al. (2009),
Apadual et al. (2005),
di Sarra et al. (2005)
St. David’s Head (BME) 32.37 -64.65 0.51 327 NOAAESRL Conway et al. (2008)
Tudor Hill (BMW) 32.37 -64.88 0.56 346 NOAAESRL Conway et al. (2008)
Sede Boker (WIS) 31.13 34.88 0.52 3.71 NOAA ESRL Conway et al. (2008)
Pacific Ocean (POCN30) 30.00 -126.00 0.52 1.61 NOAA ESRL Conway et al. (2008)
Tenerife 28.30 -16.48 0.53 1.52 NOAA ESRL Conway et al. (2008)
Sand Island (MID) 28.21 -177.38 0.51 2.19 NOAAESRL Conway et al. (2008)
Key Biscayne (KEY) 25.67 -80.20 0.53 448 NOAAESRL Conway et al. (2008)
Pacific Ocean (POCN25) 25.00 -134.00 0.63 2.58 NOAA ESRL Conway et al. (2008)
Assekrem (ASK) 23.18 5.42 0.50 1.20  NOAA ESRL  Conway et al. (2008)
Pacific Ocean (POCN20) 20.00 -141.00 0.62 1.67 NOAA ESRL Conway et al. (2008)
Mauna Loa (MLO) 19.54 -155.58 0.50 1.26 NOAA ESRL Conway et al. (2008)
Cape Kumakahi (KUM) 19.52 -154.82 0.56 1.91 NOAA ESRL Conway et al. (2008)
Pacific Ocean (POCN15) 15.00 -147.00 0.55 1.34 NOAAESRL Conway et al. (2008)
Mariana Islands (GMI) 13.43 144.78 0.50 1.38 NOAA ESRL Conway et al. (2008)
Ragged Point (RPB) 13.17 -59.43 0.52 1.70  NOAA ESRL  Conway et al. (2008)
Pacific Ocean (POCN10) 10.00 -152.00 0.58 1.30 NOAA ESRL  Conway et al. (2008)
Pacific Ocean (POCNO5) 5.00 -158.00 0.52 1.26 NOAA ESRL Conway et al. (2008)
Christmas Island (CHR) 1.70 -157.17 0.55 0.97 NOAAESRL Conway et al. (2008)
Pacific Ocean (POC000) 0.00 -163.00 0.50 0.97 NOAAESRL Conway et al. (2008)
Mabhe Island (SEY) -4.67 55.17 0.54 1.74 NOAA ESRL Conway et al. (2008)
Pacific Ocean (POCS05) -5.00 -168.00 0.52 0.99 NOAA ESRL Conway et al. (2008)
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Location Variability

Site Lat. Lon. Min. Max. Agency Reference

Ascension Island (ASC) -7.92 -14.42 0.50 1.06 NOAA ESRL Conway et al. (2008)

Pacific Ocean (POCS10) -10.00 -174.00 0.50 1.70  NOAA ESRL  Conway et al. (2008)

Tutuila (SMO) -14.24 -170.57 0.53 1.49 NOAA ESRL Conway et al. (2008)

Pacific Ocean (POCS15) -15.00 -178.00 0.56 0.95 NOAAESRL Conway et al. (2008)

Cape Ferguson (CFA) -18.00 147.06 0.54 271 CSIRO Francey et al. (2003),
Langenfelds et al.
(2002)

Pacific Ocean (POCS20) -20.00 -178.50 0.54 0.88 NOAA ESRL Conway et al. (2008)

Pacific Ocean (POCS25) -25.00 174.00 0.51 0.86 NOAA ESRL Conway et al. (2008)

Cape Grim (CGO) -42.00 142.50 0.52 0.88 NOAA ESRL Conway et al. (2008)

Macquarie Island (MQA) -54.48 159.97 0.51 0.99 CSIRO Francey et al. (2003),
Langenfelds et al.
(2002)

Palmer Station (PSA) -66.00 -64.00 0.51 0.85 NOAAESRL Conway et al. (2008)

Mawson (MAA) -67.62 62.87 0.51 0.84 CSIRO Francey et al. (2008),
Langenfelds et al.
(2002)

Syowa Station (SYO) -70.00 39.58 0.50 0.87 NOAAESRL Conway et al. (2008)

Halley Station (HBA) -75.58 -25.00 0.50 0.81 NOAA ESRL Conway et al. (2008)

South Pole (SPO) -89.98 -24.80 0.52 0.77 NOAA ESRL  Conway et al. (2008)
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Table A-5: Discrete Aircraft Observation Sites. Variability indicates the minimum and
maximum calculated monthly observation standard deviation in ppm CO,.

Location Variability

Site Lat. Lon. Min Max Agency Reference
Briggsdale 3000m (CAR) 4037  -10430 052 449 NOAAESRL NOAA, C. Sweeney
Briggsdale 4000m (CAR) 40.37 -104.30 0.53 341 NOAAESRL NOAA, C. Sweeney
Briggsdale 5000m (CAR) 40.37 -104.30 0.54 325 NOAAESRL NOAA, C. Sweeney
Briggsdale 6000m (CAR) 40.37 -104.30 0.52 1.82 NOAA ESRL NOAA, C. Sweeney
Briggsdale 7000m (CAR) 40.37 -104.30 0.54 1.64 NOAA ESRL NOAA, C. Sweeney
Briggsdale 8000m (CAR) 40.37 -104.30 0.57 2.06 NOAAESRL NOAA, C. Sweeney
JAL (WPO) 30.00 146.00 0.57 2.90 MRINIES Matsueda et al. (2008)
JAL (WPO) 25.00 146.00 0.56 2.79 MRINIES Matsueda et al. (2008)
JAL (WPO) 2000 14600 057  2.18 MRINIES Matsueda et al. (2008)
JAL (WPO) 15.00 146.00 0.54 1.82  MRINIES Matsueda et al. (2008)
JAL (WPO) 10.00 146.00 0.50 1.71  MRINIES Matsueda et al. (2008)
JAL (WPO) 5.00 146.00 0.50 1.27  MRINIES Matsueda et al. (2008)
JAL (WPO) 0.00 146.00 0.54 1.58 MRINIES Matsueda et al. (2008)
JAL (WPO) -5.00 146.00 0.51 1.48 MRINIES Matsueda et al. (2008)
JAL (WPO) -10.00 146.00 0.52 1.05 MRINIES Matsueda et al. (2008)
JAL (WPO) -15.00 146.00 0.54 0.96 MRINIES Matsueda et al. (2008)
JAL (WPO) 2000  146.00  0.51 .32 MRI NIES Matsueda et al. (2008)

JAL (WPO) -25.00 146.00 0.50 2.04 MRINIES Matsueda et al. (2008)
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Table A-6: Simulated Observation Sites. Type is the observation type: surface (S), elevated (E),
400m tall tower (T). Sampling location is the model sampling location. Variability indicates the
minimum and maximum standard deviation of monthly means (ppm CO,) of model samples for
mid-day hours. Reference Site is an existing observation site near the model sampling location.

Sampling Location Variability
Site No. Type Lat. Lon. Min. Max. Reference Site
54.95 -112.47 1.90 7.57 Lac LaBiche AB (LLB)
53.87 -104.65 0.94 4.59 Candle Lake SK (CDL)
45.03 -68.68 0.79 7.32  Argyle ME (AMT)
44.72 -96.09 2.32 11.48 Rosemount MN
44.67 -124.07 1.11 4.32  Oregon Transect
44.50 -123.55 1.04 4.44 Oregon Transect
44.45 -121.56 1.04 4.42  Oregon Transect
43.45 -119.72 1.33 4.82 Oregon Transect
43.93 -60.02 0.60 5.29 Sable Island NS (WSA)
41.72 -91.35 2.02 11.89 West Branch IA (WBI)
40.56 -111.64 0.70 2.79 Hidden Peak UT (HDP)
40.45 -106.73 0.81 2.48 Storm Peak Lab CO (SPL)
40.05 -105.58 0.81 2.78 Niwot Ridge CO (NWR)
40.05 -105.01 1.28 4.35 Erie CO (BAO)
41.48 -96.44 1.99 10.14 Mead NE
3991 -105.88 1.07 3.27 Fraser Forest CO (FEF)

39.32 -86.41 2.98 10.58 Morgan Monroe IN
39.06 -79.42 3.16 7.72 Canaan Valley WV
38.74 -92.20 3.08 10.53 Missouri Ozark MO

38.57 -121.47 1.01 4.70 Bay Area CA (WGC/STR)
38.53 -78.43 1.90 7.60 Shenandoah VA (SNP)
36.46 -109.10 0.59 3.17 Roof Butte AZ

35.93 -84.33 3.06 8.01 Chestnut Ridge TN

33.40 -81.83 2.34 8.00 South Carolina Tower (SCT)
49.71 -112.93 1.72 6.06 Lethbridge AB

49.69 -74.34 2.22 8.12  Chibougamau QC (CHI)
48.13 -97.98 1.65 10.32 Dahlen ND

4432 -79.93 3.45 8.73 Egbert ON (EGB)

34.25 -89.97 2.37 8.65 Goodwin MS

31.70 -110.72 0.70 3.18 Audubon Ranch CA
29.77 -82.20 1.68 5.97 Austin Carey FL

26.00 -112.50 0.61 1.88 LaPaz, Baja Mexico
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A.4. Observation Network Composition

Table A-7: Network Reference.

Description

Base network consisting of sites from NOAA ESRL, EC, CSIRO.
Enhanced network: base network with additional sites from
WDCGG (World Data Center for Greenhouse Gases).

Continental extension network: enhanced network plus 5 continental
flux tower sites. This network is used in the Control Inversion.

The 91-site continental extension network from Chapter 2.

The CE network with ESP added.

The CE network with HFM removed.

The CE network with HOW removed.

The CE network with no co-located surface sites (sampled in same
model grid cell).

The 91-site continental extension network from Chapter 2.
The CE network with all continuous continental sites removed.
The CE network with all aircraft sites (CAR, WPO) removed.
The CE network with POC sites instead of WPO.

The CE network with high elevation European sites removed.
The CE network with MNM, RYO and YON sites removed.

The 91-site continental extension network from Chapter 2.

The CE network with all North American continental continuous
sites removed.

The V1 network plus the TPJ flux tower, LEF396, WKT457, and the
VTT-adjusted observations at HOW, HFM, NOBS and SGP.

The V2 network plus FSD.

The CE network with surface layer observations at HOW, HFM,
NOBS and SGP replaced with VTT-adjusted observations.

The CE network plus simulated sites 1-24 from Table A-6
representative of the North American sites active in 2009.

Identifier Sites
Networks Referenced in Chapter 2
B 54
E 86
CE 91
Networks Referenced in Chapter 3
CE 91
N5 92
N6 90
N7 90
N8 78
Networks Referenced in Chapter 4
CE 91
T1 69
N1 73
N2 91
N3 86
N4 88
Networks Referenced in Chapter 5
CE 91
\4! 79
V2 86
V3 87
V4 91
Fl1 115
F2 124

The F1 network plus simulated sites 25-32 from Table A-6.



Table A-8: Observation Site-Network Cross Reference for
Chapter 2. Site Codes and locations of observing sites are
in Tables A-3, A-4 and A-5. Networks are identified in

Table A-7.

Site Code
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Networks
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sl

Quasi-Continuous (Table A-3)

ALT

BRW

PAL

NOBS

FSD

SCH

ZSF

SNB

HUN

PRS

LEF030
LEF122
LEF396

HOW

CMN

HFM

RYO

SGP

WKTO030
WKT122
WKT457

1ZO

YON

MNM

MLO

TPJ

SMO

CPT

JBN

SPO

Discrete Surface (Table A-4)
All sites except
ESP,LMP,POC
LMP

Discrete Aircraft (Table A-5)
CAR (all)
WPO (all)
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Table A-9: Observation Site-Network Cross Reference for Chapter 3. Site codes
and locations of observing sites are in Tables A-3, A-4 and A-5. Networks are
identified in Table A-7.

Networks
Site Code CE N6
Quasi-Continuous (Table A-3)
ALT
BRW
PAL
NOBS
FSD
SCH
ZSF
SNB
HUN
PRS
LEF030
LEF122
LEF396
HOW
CMN
HFM
RYO
SGP
WKTO030
WKT122
WKT457
1ZO
YON
MNM
MLO
TPJ
SMO
CPT
JBN
SPO
Discrete Surface (Table A-4)
ALT
ZEP
BRW
STM
ICE
BAL
CBA
MHD
SHM
ESP
HUN
KZD
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Table A-9 (continued)

Site Code CE

Z
oy

Networks
N6

Z
<
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Discrete Surface (continued)
uuM
BSC
KZM
NWR
UTA
AZR
TAP
WLG
LMP
BME
BMW
WIS

1Z0

MID
KEY
ASK
MLO
KUM
GMI
RPB
CHR
SEY
ASC
SMO
CFA
CGO
MQA
PSA
MAA
SYO
HBA
SPO
Discrete Aircraft (Table A-5)
CAR (all)
WPO (all)
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Table A-10: Observation Site-Network Cross Reference for Chapter 4. Site codes and locations
of observing sites are in Tables A-3, A-4, and A-5. Networks are identified in Table A-7.

Networks
Site Code CE T1 N1 N2 N3
Quasi-Continuous (Table A-3)
ALT
BRW
PAL
NOBS
FSD
SCH
ZSF
SNB
HUN
PRS
LEF030
LEF122
LEF396
HOW
CMN
HFM
RYO
SGP
WKTO030
WKT122
WKT457
17O
YON
MNM
MLO
TPJ
SMO
CPT
JBN
SPO
Discrete Surface (Table A-4)
All except ESP, POC
POC (all)
Discrete Aircraft (Table A-5)
CAR (all)
WPO (all)
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Table A-11: Observation Site-Network Cross Reference for Chapter 5. Site Codes and locations
of observing sites are in Tables A-3, A-4, A-5, and A-6. Networks are identified in Table A-7.

Networks
Site Code CE Vi V3
Quasi-Continuous (Table A-3)
ALT
BRW
PAL
NOBS
NOBS VTT
FSD
SCH
ZSF
SNB
HUN
PRS
LEF030
LEF122
LEF396
HOW
HOW VTT
CMN
HFM
HFM VTT
RYO
SGP
SGP VTT
WKTO030
WKT122
WKT457
17O
YON
MNM
MLO
TPJ
SMO
CPT
JBN
SPO
Discrete Surface (Table A-4)
All except ESP, POC
Discrete Aircraft (Table A-5)
CAR (all)
WPO (all)
Simulated Observations (Table A-6)
Site Numbers 1-24
Site Numbers 25-32
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