
BGD
11, 6069–6117, 2014

Carbon sink
distribution in USA

J. M. Chen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Biogeosciences Discuss., 11, 6069–6117, 2014
www.biogeosciences-discuss.net/11/6069/2014/
doi:10.5194/bgd-11-6069-2014
© Author(s) 2014. CC Attribution 3.0 License.

O
pen A

ccess

Biogeosciences
Discussions

This discussion paper is/has been under review for the journal Biogeosciences (BG).
Please refer to the corresponding final paper in BG if available.

Atmospheric inversion of the surface
carbon flux with consideration of the
spatial distributions of US crop
production and consumption
J. M. Chen1,2, J. W. Fung2, G. Mo2, F. Deng3, and T. O. West4

1International Institute of Earth System Science Nanjing University Nanjing, Jiangsu, China
2Department of Geography & Planning, University of Toronto, Toronto, Ontario, M5S 3G3,
Canada
3Department of Physics University of Toronto, Toronto, Ontario, M5S 3G3, Canada
4Joint Global Change Research Institute, Pacific Northwest National Laboratory, College Park,
Maryland, USA

Received: 26 November 2013 – Accepted: 10 March 2014 – Published: 29 April 2014

Correspondence to: J. M. Chen (chenj@geog.utoronto.ca)

Published by Copernicus Publications on behalf of the European Geosciences Union.

6069

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/6069/2014/bgd-11-6069-2014-print.pdf
http://www.biogeosciences-discuss.net/11/6069/2014/bgd-11-6069-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
11, 6069–6117, 2014

Carbon sink
distribution in USA

J. M. Chen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

In order to improve quantification of the spatial distribution of carbon sinks and sources
in the conterminous USA, we conduct a nested global atmospheric inversion with con-
sideration of the spatial information of crop production and consumption. Spatially dis-
tributed county-level cropland net primary productivity, harvested biomass, soil carbon5

change, and human and livestock consumption data over the conterminous USA are
used for this purpose. Time-dependent Bayesian synthesis inversions are conducted
based on CO2 observations at 210 stations to infer CO2 fluxes globally at monthly time
steps with a nested focus on 30 regions in North America. Prior land surface carbon
fluxes are first generated using a biospheric model, and the inversions are constrained10

using prior fluxes with and without adjustments for crop production and consumption
over the 2002–2007 period. After these adjustments, the inverted regional carbon sink
in the US Midwest increases from 0.25±0.03 PgCyr−1 to 0.42±0.13 PgCyr−1, whereas
the large sink in the US Southeast forest region is weakened from 0.41±0.12 PgCyr−1

to 0.29±0.12 PgCyr−1. These adjustments also reduce the inverted sink in the West15

region from 0.066±0.04 PgCyr−1 to 0.040±0.02 PgCyr−1 because of high crop con-
sumption and respiration by humans and livestock. The general pattern of sink increase
in crop production areas and sink decreases (or source increases) in crop consump-
tion areas highlights the importance of considering the lateral carbon transfer in crop
products in atmospheric inverse modeling, which provides an atmospheric perspective20

of the overall carbon balance of a region.

1 Introduction

Human activities have greatly modified the global carbon cycle through fossil fuel con-
sumption, cement production and land use (Canadell et al., 2007; Le Quéré et al.,
2013). The airborne fraction of these carbon sources has been highly variable from25

year to year mostly due to large variations in the terrestrial carbon sink (Le Quéré et al.,
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2009). Due to the complexity and heterogeneity of land cover, it has been a challenge
to estimate the spatial distribution and the magnitude of terrestrial carbon sources and
sinks, and it has been more reliable so far to derive the terrestrial sink as a residual
of the global carbon budget than to estimate it using land-based data (Le Quéré et al.,
2013). Our ability to project the carbon cycle to the future and its influence on climate5

will remain limited if we are not able to resolve the current carbon source and sink
distribution pattern and provide plausible mechanistic explanations to the pattern. In
this regard, regional studies with focuses on the spatial distribution of the carbon cycle
would be a useful direction to improve our understanding of the global carbon cycle.

With regard to the carbon cycle, North America may be one of the most closely10

observed and studied regions in the world. However, the magnitude and the spatial
distribution of carbon sinks and sources over the continent are still highly uncertain
(Huntzinger et al., 2012; Hayes et al., 2012). In terms of the sink magnitude, atmo-
spheric inversion studies (dubbed “top-down”) performed over different time periods
from 1992 to 2007 suggest that North America has been a sink ranging from 0.5415

to 1.06 PgCyr−1 (Gurney et al., 2002, 2003, 2004; Rödenbeck et al., 2003; Baker
et al., 2006; Peters et al., 2007; Deng et al., 2013; Peylin et al., 2013), while 19 bio-
spheric models (dubbed “bottom-up”) produced an average sink of 0.6 PgCyr−1, with
a range from −0.7 to 2.2 PgCyr−1, for North America over the period from 2000 to
2005 (Huntzinger et al., 2012). Using a biospheric model, Turner et al. (2013) esti-20

mated that the net ecosystem productivity (NEP) over North America in 2004 was
1.73±0.37 PgCyr−1, and this NEP value is reduced by 0.616 PgCyr−1 for the carbon
loss due to harvested product emission, river/stream evasion and fire emission in order
to estimate the total land sink. These top-down and bottom-up estimates at the con-
tinental scale broadly agree, giving us confidence that North America is a large and25

important contributor to the global terrestrial carbon sink.
In terms of the spatial distribution of the sink within North America, results become

more uncertain as the spatial resolution increases. The simple divide of the sink be-
tween North American boreal and temperate regions is plagued with uncertainties. For
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the boreal region, an inversion study (Fan, 1998) produced a sink of 0.2±0.4 PgCyr−1

in 1988–1992, and a TransCom 3 experiment (Gurney et al., 2003) showed a source
of 0.26±0.39 PgCyr−1 in 1992–1996. When the TranCom 3 experiment was repeated
with updated data, it became a sink of 0.003±0.28 PgCyr−1 in 1992–1996 (Yuen et al.,
2005). Using forest inventory data, Canadian forests was found to be a carbon source5

of 0.069 PgCyr−1 in 1985–1989 (Kurz et al., 1999) and Canadian and Alaska forests
to be a carbon sink of 0.26±0.06 PgCyr−1 in 1990–2008 (Pan et al., 2011a), while
a biospheric model calculated a weak sink of 0.05 PgCyr−1 for Canadian forests dur-
ing 1980s to 1990s (Chen et al., 2003). For the conterminous US with approximately
32 % of the total North America area, estimates of the sink from a set of bottom-10

up and top-down methods fall in a range from 0.30 to 0.58 PgCyr−1 in 1980–1989
(Pacala et al., 2001), while TransCom 3 experiments inferred the sink in 1992–1996
to be 0.89±0.22 and 0.82±0.40 PgCyr−1 for inversions at monthly and annual time
steps, respectively (Gurney et al., 2003, 2004; Baker et al., 2006), suggesting that the
uncertainty due to the temporal resolution of inverse modeling is considerable. Peters15

et al. (2007) developed a carbon assimilation system at weekly time steps, named
CarbonTracker, and showed that the sink in 2000–2005 in temperate North America is
0.50±0.60 PgCyr−1. With a simple atmospheric budgeting approach applied to CO2
measurements in the inflows and outflows through the troposphere over conterminous
US, Crevoisier et al. (2010) deduced a sink of 0.5±0.4 PgCyr−1 in 2004–2006. Seven20

other inversion studies, on average, indicate that temperate North America was a sink
of 0.685±0.574 PgCyr−1 in 2000–2006 (see summary in Hayes et al., 2012). Although
these estimates have large uncertainties, they generally indicate that the major sink
in North America is located in the temperate region while the boreal region is either
a small sink or source.25

The locations of carbon sinks and sources within temperate North America are highly
uncertain. The 19 biospheric models employed by Huntzinger et al. (2012) generated
very different sink and source spatial patterns over the conterminous USA, although
the average sink mostly appears in forested areas in southeast, northeast and north-
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west regions. Another bottom-up estimate using long-term modeling and recent remote
sensing inputs suggested that forests in the southeast region are large sinks because
of their predominant mid-age structure (Zhang et al., 2012). Based on forest inven-
tory data, Williams et al. (2012) deduced that forests along the east and west coasts
of the USA are large sinks in 2005–2006, with most areas in Arkansas, Louisiana,5

Mississippi, and Alabama in the southeast region having sinks in the range of 110–
140 gCm−2 yr−1). However, CarbonTracker (Peters et al., 2007) repeatedly produces
large sinks in cropland and adjacient grassland areas, while the southeast region varies
between a small source to a small sink. Inversion studies that divide North America
into 30 regions (11 in the conterminous USA), Deng et al. (2007) and Deng and Chen10

(2011) indicate broad patterns of the sink distribution in both southeast forest region
and mid-west crop region. In these two studies, the seasonal variations of the carbon
flux from various terrrestrial ecosystems modeled by a biospheric model and neutral-
ized at the annual time step was used as the prior flux to constrain the inversion.
Under the neutralized flux constraint, the inverted sink may be more or less regarded15

as the atmospheric signal, although the inversion results are inevitably influenced by
errors in transport modeling and other prior fluxes such as fossil fuel, biomass burn-
ing and ocean-atmospheric exchange. Inversion studies by Peters et al. (2007), Deng
and Chen (2011), Lauvaux et al. (2012) and Schuh et al. (2013) indicate that the mid-
west croplands persistently behave as a large regional sink, in apparent conflict with20

our general understanding that croplands do not singificantly accumulate carbon on
yearly basis. From the atmospheric perspective, crop production during the growing
season results in large uptake of CO2 from the atmosphere, while crop consumption
after harvest takes place in areas outside of croplands. Gourdji et al. (2012) found
a large discrepancy between inverse and biospheric model results over crop produc-25

tion and consumption areas in both growing and dormant seasons and attributed this
discrepancy to the lack of lateral transfer of agricultural carbon included in biospheric
models. Similarly, lateral transfer of carbon also occurs with forest products (Hayes
et al., 2012). Hayes et al. (2012) successfully reconciled a large portion of this dis-
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crepancy using crop and forest product information for North America. Based on this
study, it can be inferred that these lateral transports of carbon need to be considered in
both bottom-up and top-down modelling in order for them to converge on similar spatial
patterns of the carbon sink and source distribution.

In this study, we attempt to improve our top-down modeling methodology through5

integrating crop production and consumption information in our existing inverse model-
ing system (Deng and Chen, 2011). The consumption of crop products by livestock and
humans is about twice the consumption of forest products (West et al., 2011; Hayes
et al., 2012). Unlike forest products with a large range of residence times, crop prod-
ucts can be assumed to be consumed within a year of harvest (West et al., 2011).10

The spatial distributions of crop production and consumption at the county level (West
et al., 2011) provide a sufficient resolution for consideration in atmospheric inverse
modeling. The specific objectives of our study are: (1) to investigate the changes in the
inverted carbon source and sink distribution after considering the spatial patterns of
crop production and consumption, (2) to explore whether these changes improve our15

understanding of the carbon source and sink distribution within the conterminous USA,
and (3) to evaluate the impact of the crop data on the inverted carbon balance for the
conterminous USA and other regions of the globe.

2 Atmospheric CO2 inversion methodology

The Bayesian synthesis inversion method (Enting and Trudinger, 1995) is used in this20

study. This method includes forward modeling of atmospheric CO2 concentration using
a transport model with prior fluxes and inverse modeling of the surface CO2 flux based
on the difference between modeled and observed CO2 concentrations.
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2.1 Forward modeling

2.1.1 Prior fluxes and their uncertainties

The a priori fluxes needed in the Bayesian synthesis inversion include sources from
fossil fuel and fire emissions, net carbon exchange between atmosphere and land and
between atmosphere and ocean. These fluxes for the time period from 2000 and 20075

used in this study are the same as those used in Deng and Chen (2011) and are
summarized in Table 1. The fossil fuel emission field used in this study is constructed
based on the fossil fuel CO2 emission inventory from 1871 to 2006 from the Carbon
Dioxide Information Analysis Center (CDIAC) (Marland et al., 2009) and the EDGAR
4 databases on a 1◦ ×1◦ grid (Olivier and Aardenne, 2005). Vegetation fire emissions10

are a large part of land use changes emissions of up to 2 PgCyr−1. The grid point fire
emission field used in this research is from the Global Emissions Fire Database version
2 (GFEDv2) (Randerson et al., 2007; van der Werf et al., 2006).

The Boreal Ecosystem Productivity Simulator (BEPS) is employed to produce sea-
sonally varying net ecosystem exchange (NEE) fluxes in hourly time-steps globally15

(Chen et al., 1999; Ju et al., 2006). Developed based on FOREST Biogeochemical
Cycles (FOREST-BGC) (Running and Coughlan, 1988), BEPS was originally intended
for modeling the Canadian forest carbon cycle (Chen et al., 2007; Ju et al., 2006; Liu
et al., 1999, 2002), but it has been extended to temperate and tropical ecosystems
(Higuchi et al., 2005; Matsushita and Tamura, 2002; Sun et al., 2004; Chen et al.,20

2012). It uses remotely-sensed leaf area index (LAI) (Deng et al., 2006), land cover
type from Global Land Cover (GLC2000), meteorology from NCEP-reanalysis (Kalnay
et al., 1996), and soil textural data (Webb et al., 1991). A unique feature of BEPS is the
separation of sunlit and shaded components in the canopy using not only LAI but also
a foliage clumping index (Chen et al., 2005; He et al., 2012) when calculating photo-25

synthesis (Liu et al., 2002; Chen et al., 2012). Given that soil carbon pools are often not
well modeled by terrestrial biosphere models, large uncertainties exist in the modeled
annual carbon fluxes. However these models are still useful in estimating seasonal and
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diurnal patterns in response to changes in environmental conditions. Therefore, in most
atmospheric inversion studies the prior annual mean NEE from land surfaces at each
grid is set to zero (Gurney, 2004; Rödenbeck et al., 2003). The use of seasonally and
diurnally varying biospheric fluxes is essential for the forward modeling to include the
covariance of atmospheric transport and the surface flux (Denning et al., 1995; Gurney,5

2004; Randerson et al., 1997; Deng and Chen, 2011).
In this study, two sets of control terrestrial biosphere fluxes from BEPS are prepared:

(1) annually balanced but seasonally and diurnally varying NEE fluxes, and (2) annu-
ally, seasonally and diurnally varying NEE fluxes. The annually balanced NEE fluxes
are prepared by forcing the annual mean NEE to be zero, resulting in no interannual10

variability, while the seasonal and diurnal variability is retained. In fulfilling the objec-
tives of this research, cropland carbon adjustments are made to these prior NEE fluxes
(see Sect. 3).

The main processes responsible for ocean CO2 uptake from the atmosphere is the
partial pressure difference between the sea surface and the overlying air which in part15

depends on the seasonal growth of phytoplankton in the oceans. The daily air–sea
CO2 fluxes across the sea surface in this research are simulated by the OPA-PISCES-
T model, which is a coupled global circulation model (OPA) (Madec et al., 1998) with
an ocean biochemistry model (PISCES-T) (Aumont, 2003; Buitenhuis et al., 2006).
This coupled model is forced by daily wind stress, heat and water fluxes from NCEP20

reanalysis (Kalnay et al., 1996).
The four background surface CO2 fluxes from 2000 to 2007 are fitted to an hourly

1◦ ×1◦ spatial scale as inputs for the forward modeling.

2.1.2 Atmospheric transport

The atmospheric transport model chosen for this research is the transport-only version25

of the global chemistry Transport Model (Krol et al., 2005), version 5 (TM5), which is
an offline model driven by meteorological data from the European Centre for Medium
Range Weather Forecast (ECMWF) model. In this study, we define a global grid of 6◦×
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4◦ with nested grids focusing on North America at 3◦×2◦ based on Peters et al. (2005).
The model consists of 25 vertical layers: five layers in the boundary layer, ten in the
free troposphere, and ten in the stratosphere. In this study, the prior hourly fluxes are
input into TM5 to generate forward simulations of hourly concentrations at 210 CO2
observation sites over the globe for emissions from fossil fuel consumption (cff), fire5

(cfire), terrestrial biosphere (cbio), and oceans (coce).

2.1.3 CO2 observations

The atmospheric CO2 concentrations used in this study are the monthly CO2 observa-
tion data from 2000 to 2007 compiled in the GLOBALVIEW-CO2 2008 database. These
concentrations are not actual data but rather baseline conditions which are derived us-10

ing data integration techniques described by Masarie and Tans (1995). The dataset is
compiled with different data types including surface flask, tower, aircraft and ship mea-
surements. In this study, selected months that used measurement-based data from
210 stations are taken to compile the CO2 concentration matrix, and consist of 12 181
station measurements during the 8 year period from 2000 to 2007. The locations of15

these stations are shown in Fig. 1.
In order to find the concentration corresponding to the biases in the surface carbon

flux to be adjusted through inverse modeling, simulated concentrations correspond-
ing to the prior fluxes need to be subtracted from CO2 measurements. For continental
tower sites, the GLOBALVIEW-CO2 dataset contains weekly averages of measure-20

ments in only afternoon hours to capture the well-mixed condition within the plane-
tary boundary layer, and therefore the monthly simulated concentrations at these sites
are also taken as average values in the same afternoon hours. For non-tower sites,
GLOBALVIEW-CO2 provides a summary of the sample collection times for discrete
observations. The simulated concentrations are also sampled at the same times to25

obtain the monthly mean values, so as to be consistent with the GLOBALVIEW-CO2
dataset. These monthly averaged simulated concentrations are then subtracted from
the corresponding 12 181 monthly CO2 measurements from GLOBALVIEW-CO2, ex-
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pressed as follows:

c = cobs −cff −cfire −cbio −coce (1)

2.2 Inverse modeling

2.2.1 Inversion regions and concentration locations5

The atmospheric CO2 concentrations are used for inversion of 50 global regions includ-
ing 30 regions in North America (Fig. 1), following Deng et al. (2007) and Deng and
Chen (2011). The 30 regions in North America are delineated based on a 1 km resolu-
tion land cover map from AVHRR data (DeFries and Townshend, 1994) and provincial
and state boundaries. This nested inversion system allows for a reduction in errors due10

to spatial aggregation over North America.

2.2.2 Time-dependent Bayesian synthesis approach

We use the time-dependent Bayesian synthesis approach (Enting, 2002) in our inverse
modeling. In this approach, a linear combination of source/sink terms is formulated to
match with CO2 concentration observations:15

c = Gf +Ac0 +ε, (2)

where cm×1 is a vector of m atmospheric CO2 observations at given space and
times; εm×1 is a random error vector with a zero mean and a covariance matrix
cov(ε) = Rm×m; Gm×(n−1) is a given matrix representing a transport (observation) oper-20

ator, where n−1 is the number of fluxes to be determined; Am×1 is a unity vector (filled
with 1) that relates to the assumed initially well-mixed atmospheric CO2 concentrations
(c0); and f(n−1)×1 is an unknown vector of carbon fluxes of all studied regions. In this
research, m = 12181 (the number of measurements as mentioned in Sect. 2.1.3) and
(n−1) = 4800 (50 regions×8 years×12 months).25
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After combining matrixes G and A into Mm×n = (G,A) and vectors f and c0 as sn×1 =
(fT ,c0)T , Eq. (2) is rewritten as:

c = Ms+ε. (3)

While Eq. (3) can be solved for s by the conventional least-squared technique, the5

problem is poorly constrained. The Bayes approach (Tarantola, 2005) is generally used
for ill-constrained problems through introducing a priori information in the inversion
process. The best a priori information for this purpose is a prior estimate of the surface
flux. The a posteriori flux is obtained by minimizing the following cost function J :

J =
1
2

(Ms−c)TR−1(Ms−c)+
1
2

(s− sp)TQ−1(s− sp), (4)10

where spn×1 is the a priori estimate of s (set to zero after subtracting its contribution
to concentration from the atmospheric CO2 observation); the covariance matrix Qn×n
represents the uncertainty in the a priori estimate; and Rm×m is the model-data mis-
match error covariance. Through minimizing this cost function in Eq. (4), the posterior15

best estimate of s (Enting, 2002) is defined as:

ŝ = (MTR−1M+Q−1)−1(MTR−1c+Q−1sp), (5)

with the posterior uncertainty expressed as follows:

Q̂ = (Q−1 +MTR−1M)−1. (6)20

2.2.3 Transport (observation) operator, model-data mismatch and prior uncer-
tainties

The matrices for transport (observation) operator, M, the model-data mismatch, R, and
the prior uncertainties, Q, are taken from Deng and Chen (2011).25

The transport (observation) operator, M, is formed from 4800 forward simulations
(eight years and 50 regions). An initial flux of 1 Pg C for each month and region was
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prescribed in the TM5 transport model to find the contribution of each region to CO2
concentration at each observation site. The model-data mismatch, R, reflects the differ-
ence between the modeled and the observed CO2 concentrations which include both
errors from transport modeling and measurement (such as instrument errors). The
observation sites were divided into 5 categories, each with its own constant portion5

(σconst) and variable portion (GVsd) that is computed monthly from the standard devi-
ation data given in GLOBALVIEW-CO2 2008 variation (var) files. The constant portion
is defined under the following categories: Antarctic sites (0.15), oceanic sites (0.30),
land and tower sites (1.25), mountain sites (0.90), and aircraft samples (0.75). The
variable portion is the statistical summary of average atmospheric variability for each10

measurement record. Therefore, the covariance matrix R, is given as a diagonal matrix
that contains the error for each month i :

Ri i = σ2
const +GVsd2. (7)

Furthermore, a weighting factor, W, is inserted to the cost function in Eq. (4) to account15

for the vertical correlation between measurements at different levels of the same tower
and aircraft sites, i.e. smaller weights are given to each of the measurements at the
same site (Deng and Chen, 2011).

J =
1
2

((Ms−c)W )TR−1((Ms−c)W )+
1
2

(s− sp)TQ−1(s− sp) (8)
20

This weight, W , is a diagonal matrix with the diagonal terms given by:

wii = 1/(1+0.6(n−1)), (9)

where n is the number of observations at different levels at the same site.
While the a priori fluxes are set to zero after subtracting their contributions toward25

the measured CO2 concentrations, the a priori uncertainties, Q, are important in forcing
the spatial distribution of the inverted fluxes. These uncertainties are summarized in
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Table 1. The uncertainties for fossil fuel of ±6 % (Marland et al., 2009) and the fire
fluxes of ±20 % (van der Werf et al., 2010) are not included in Q, and hence, it is
important to note that the inverted fluxes are subject to these additional uncertainties.

The χ2 test (Gurney et al., 2003) is employed to test the consistency of the fit to CO2
data and the prior flux estimate simultaneously:5

χ2 =
Jmin

Nobs
=

m∑
m=1

(Ms−c)2

R2 +
n∑

n=1

(s−sp)2

Q2

Nobs
, (10)

where Nobs is the number of degrees of freedom (number of observations) and Jmin is
the cost function from Eq. (4). The consistency of the fit is highest when the value of
χ2 equals unity.10

3 US cropland carbon integration methodology

During the growing season, cropland in the US Midwest represents a strong regional
carbon sink. However, a large portion of the crops is removed from the location of pro-
duction during harvest and transported to other regions for storage and consumption.
When the crop products are consumed by human and livestock, CO2 is released back15

into the atmosphere at geographic locations that differ from the area of crop production.
It is important to take into account these patterns, referred to as the lateral transport of
cropland carbon, in the prior fluxes used in atmospheric CO2 inversion studies.

3.1 US cropland carbon budget based on inventory data

The regional patterns of CO2 uptake and release in US croplands based on agricultural20

statistics (West et al., 2011) are used to adjust the prior biosphere flux used in our inver-
sion. The datasets can be downloaded from the CDIAC website: http://cdiac.ornl.gov.
The data include county-level NPP, harvest, and changes in soil carbon from 1990 to
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2008, as well as human and livestock crop consumption from 2000 to 2008. The na-
tional crop carbon budget for the USA from 2000 to 2008 is balanced within 0.3 to
6.1 % yr−1 based on the study from West et al. (2011). Although many other important
components are included in the overall US cropland carbon budget, such as exports
and crop carbon used for fuel, the vertical net carbon exchange (NCE) into the atmo-5

sphere is given by the sum of net carbon uptake from NPP, net change in soil carbon
and the release of carbon from biomass decomposition, human consumption and live-
stock consumption.

3.1.1 Crop NPP, harvest, biomass decomposition and changes in soil carbon
pool10

The cropland NPP used in West et al. (2011) is calculated based on annual statis-
tics of crop production (P ) in units of tons of biomass and harvested crop area (HA)
reported by the US Department of Agriculture (USDA), National Agricultural Statistics
Service. County level statistics are gap-filled using district level data and then con-
verted to county level NPP in units of carbon using Eq. (11), which is documented in15

earlier studies (Hicke, 2004; Hicke and Lobell, 2004; Prince et al., 2001; West et al.,
2010):

NPPcrops =
∑
i

Pi × (1−MCi )×C
HIi × fAG,i ×HAi

, (11)

where P is the reported crop production; MC is the harvest moisture content; C is the20

conversion factor from biomass to carbon (0.45 g of C per g of dry mass); HI is the
harvest index, i.e. the ratio of yield mass to above ground biomass; fAG is the fraction
of production allocated aboveground; and the subscript i indicates 17 different crops
(corn, soybean, oats, barley, wheat, sunflower, hay, sorghum, cotton, rice, peanuts,
potatoes, sugarbeets, sugarcane, tobacco, rye and beans) representing the majority25

of the crops grown in the conterminous US (West et al., 2010, 2011). The harvested
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amount is calculated based on the crop yields. The carbon released from biomass
decomposition is calculated from the NPP by subtracting the amount that is harvested.
The remainder of the crops, i.e the amount not harvested, is left as residue and either
is sequestered into the soil or decomposes within the same year.

Changes in soil carbon are calculated based on empirical relationships between land5

management practices and soil carbon change (West et al., 2008). In order to capture
the long term impacts on soil carbon pools from a 20 year history of changes in crop
rotation and tillage intensity, estimates of soil carbon change were calculated from 1980
to 2008.

3.1.2 Human and livestock consumption10

Human crop carbon consumption data provided by West et al. (2011) are calculated
based on the per capita food consumption and the US population census data. The
livestock consumption data are calculated using a similar method as human consump-
tion but also consider different animal species and their feed consumption rates. The
consumed amount is assumed to be released back into the atmosphere within the15

same year as CO2 through respiration, excretion and flatus (West et al., 2009). Excre-
tion typically enters the waste treatment facilities within the county and the emissions
are taken into account in the consumption term above.

3.2 Prior flux adjustments for US croplands

Integrating carbon exchange due to crop processes into the inversion model requires20

the NEP modeled by BEPS to be adjusted. For crop processes, the harvested amount
is taken away from the field and respired back into the atmosphere when consumed
by human, Rhuman_consumption and livestock, Rlivestock_consumption. Therefore, crop NEP is
given by:

NEPcrop = NPPcrop −Rh, residue −Rhuman_consumption −Rlivestock_consumption +∆csoil (12)25
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Since the residue amount, including both the remaining aboveground and below-
ground biomass, is the difference between the total crop biomass and the amount
harvested, Eq. (12) can be rewritten as:

NEPcrop = NPPharvested +∆csoil −Rhuman_consumption −Rlivestock_consumption (13)

= production-consumption5

where,

production = NPPharvested +∆csoil (14)

consumption = Rhuman_consumption +Rlivestock_consumption (15)
10

The spatial patterns of the crop production, consumption and NEP are shown in
Fig. 2. The spatial distributions of crop production and consumption are calculated
monthly and are used to adjust the monthly NEP distributions modeled by BEPS over
the conterminous USA. The production and the consumption terms are adjusted sep-
arately due to their different seasonal patterns.15

3.2.1 Production adjustment

The simulated terrestrial NPP by BEPS is adjusted to integrate cropland production
over the contiguous US using the equation below:

NPPadjusted = NPPbiosphere − rcrop_area · (NPPbiosphere)+production (16)

= (1− rcrop_area) ·NPPbiosphere +production20

= (1− rcrop_area) ·NPPbiosphere +NPPharvested +∆csoil,

where NPPbiosphere is the 1◦ ×1◦ NPP output from BEPS and rcrop_area is the ratio of
harvested crop area within the 1◦ ×1◦ grid over the total area of the grid. The county-
level cropland production is first extrapolated into a mean value for each 1◦ ×1◦ grid,25
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then adjusted using Eq. (16). The ratio rcrop_area is calculated based on the harvested
area data. The basic idea of Eq. (16) is to replace BEPS NPP with more accurate crop
production data. BEPS uses GLC2000 as the land cover data in NPP simulations, but
these data are not as accurate as the agricultural statistics in terms of the crop area
within each grid. Chan and Lin (2011) cautioned researchers against the direct compar-5

ison of carbon accounting based on agricultural census data and TBM simulated fluxes
due to large differences of different land cover classifications used. For this reason, we
choose to use the crop area ratio method for the production adjustment.

Since the prior surface CO2 fluxes enter into the atmospheric transport model on
hourly time steps, the annual crop carbon production data are interpolated into the sea-10

sonal and diurnal patterns simulated in the BEPS model. Firstly, the annual NPPbiosphere
is converted to annual NPPadjusted, then the ratio between the two is taken and multi-
plied by the hourly NPPbiosphere fluxes, resulting in hourly adjusted fluxes from 2000 to
2008 for each 1◦ ×1◦ grid.

3.2.2 Consumption adjustment15

The consumption terms are integrated into BEPS-simulated Rh over the contiguous US
using the following equation:

Rh, adjusted = Rh, biosphere − rcrop_area · (Rh, biosphere)+ consumption (17)

= (1− rcrop_area) ·Rh, biosphere + consumption

= (1− rcrop_area) ·Rh, biosphere +Rhuman_consumption +Rlivestock_consumption20

where Rh, biosphere is the 1◦ ×1◦Rh output from BEPS and rcrop_area is the ratio of har-
vested crop area within the 1◦ ×1◦ grid over the total area of the grid. The county-level
cropland consumption data are first resampled into each 1◦ ×1◦ grid, and the mean
value of each grid is used to adjust Rh using Eq. (17). However, unlike the production25

adjustment, the temporal patterns of CO2 release from human and livestock consump-
tions do not follow the seasonal and diurnal patterns simulated for the biosphere. We
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therefore assume constant hourly release of CO2 from crop consumption throughout
the year. In this way, the annual consumption amount is divided equally into the hourly
values and added to the hourly simulated Rh, biosphere from BEPS for the time period
from 2000 to 2008 at each 1◦ ×1◦ grid.

3.3 Schemes of inversion experiments5

Two sets of experiments outlined in Table 2 are designed to test for the impact of
integrating the cropland carbon data into the prior terrestrial flux. In the first set (Exper-
iments 1a, 1b, 1c), the monthly terrestrial biosphere NEP modeled by BEPS at hourly
time steps is first neutralized on the annual basis, meaning that the annual mean ter-
restrial flux is 0 for each grid cell but its seasonal variation is retained. This neutralized10

flux is then adjusted for crop production and consumption in Experiments 1b and 1c.
The prior terrestrial surface flux in many atmospheric inversion studies only contains
seasonal instead of interannual variations (Gurney, 2004; Rödenbeck et al., 2003) in
order to minimize the influence of the errors in the prior flux on the inverted annual
flux so that the results are based on the “atmospheric view”. In the second set (Exper-15

iments 2a, 2b, 2c), the same monthly BEPS NEP is used without annual neutralization
so that both seasonal and interannual variations in NEP are retained and the best es-
timate of the biospheric carbon flux is used to constrain the inversion. Experiments
1a–c are therefore designed to explore the strength of the carbon cycle signal in the
atmospheric CO2 measurement, while Experiments 2a–c are considered to be the best20

final estimates by integrating ecosystem modeling results and crop statistics. In each
set of experiments, there is a control run (Experiments 1a, 2a), based on which the
influences of the production adjustment (Experiments 1b, 2b) and the production and
consumption adjustments (Experiments 1c, 2c) on the inverted flux are assessed.

The a priori uncertainty matrix Q described in Sect. 2.2.3 is adjusted to take into25

account the uncertainties from the cropland production and consumption data. Uncer-
tainties in the agricultural production data include the large uncertainties in the param-
eters used, including the harvest index (HI) and reported crop production (P ) (Chan
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and Lin, 2011). Bolinder et al. (2007) and Prince et al. (2001) show the standard de-
viation of HI, the dominant source of uncertainty towards NPP, to be 10 %. Therefore,
experiments that adjust for the production only are prescribed a 10 % uncertainty in
the annual NPP found in the agricultural statistics data distributed over the production
regions and weighted with the original matrix Q. Experiments that adjust for both the5

production and the consumption use the above method to include the production un-
certainty as well as an additional 1 % of annual total human consumption (West et al.,
2009) and 20 % of the annual total livestock consumption distributed over consumption
areas (Ciais et al., 2007). Furthermore, the χ2 test (Eq. 12) is employed to show the
consistency of the fit to data and prior flux estimates simultaneously. The χ2 values are10

also shown in Table 2, indicating that Experiments 1c and 2c with the χ2 values closest
to unity have the highest consistency.

4 Results and discussion

The inversion experiments described in Sect. 3.3 are conducted to test the impacts of
cropland inventory on the inverted CO2 fluxes. The impacts are evaluated based on15

the multi-year mean annual values and seasonal variations.

4.1 Multi-year regional carbon budget

4.1.1 Average annual flux

The average annual inverted CO2 fluxes over the conterminous USA are shown for
Experiment 1 and Experiment 2 in Figs. 3 and 4, respectively. Table 3 summarizes the20

mean inverted CO2 fluxes (µ) and errors (ε), as well as percentage changes (∆%)
from the control case calculated by:

∆% =
µ−µcontrol

µcontrol
, (18)
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where µcontrol is the annual mean inverted flux for the control experiment.
To evaluate the impact of integrating crop production and consumption data into

the prior fluxes, comparisons of the inverted fluxes can be made between the experi-
ments with and without crop adjustments. However, in order for these comparisons to
be meaningful, a signal-to-noise ratio (SNR) is calculated for each region, using the5

following equation:

SNR =
|µ−µcontrol|

ε
. (19)

where ε is the posterior uncertainty in the inverted flux for a region. Note that the
“signal” here is defined as the mean difference in the inverted fluxes between the con-10

trol and a crop-adjusted experiment, in order to represent the signal introduced by the
adjustment. If SNR is less than unity, the resulting change due to an agricultural ad-
justment is less than the uncertainty, and hence the signal is within the noise level of
the results. In Table 3, regions with SNR greater than unity is denote with “*”.

Comparing Fig. 3a and b, it can be seen that the production adjustment redistributed15

the carbon sink from forested regions in the Southeast (Regions 26 to 28) and North-
west (Regions 18, 19) to cropland area in the Midwest (Regions 20 and 21). SNR for
the Experiment 1b for Region 20 is greater than 1 (Table 3), indicating that the sink
increase there is beyond inversion uncertainty. The increase in the sink size in the
US Midwest can be attributed to the large CO2 uptake during the growing season, but20

much of the carbon is released through crop consumption in other geographic loca-
tions. Seasonal results for these regions are shown in Session 4.3.

The impact of crop consumption adjustment on the inversion result can be assessed
by comparing Fig. 3b and c. In Region 28 with large crop consumption, the inverted
carbon sink (Fig. 3c) is reduced by 36 % from the case with crop production adjustment25

only (Fig. 3b) and by 54 % from the control case (Fig. 3a), which is a sink −69 TgCyr−1

(Table 3). In Regions 23 and 24 with large crop consumption and low vegetation growth,
the crop consumption adjustment turns weak carbon sinks (Fig. 3a and b) into sources
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(Fig. 3c). SNR for Experiment 1c for Region 24 (California) is greater than 1, confirming
that this shift from sink to source is beyond the inversion uncertainty. In general, crop
consumption adjustment in regions with considerable consumptions (Regions 18, 19,
23, 24, 25, 26, 27, 28) induces noticeable reduction in the carbon sink. It would also be
interesting to note that the crop production adjustment (Experiment 1b) increases the5

USA sink by 17 % but decreases the Canadian sink by 13 %, and the crop production
and consumption adjustments (Experiment 1c) reduces the sink by 0.8 % and 8.4 % for
USA and Canada, respectively, relative to the control case (Experiment 1a, Table 3).
These results suggest that the crop information used in the inversion not only affects
USA carbon sinks but also neighboring regions (such as Canada). The inverted re-10

sults from both crop production and consumption adjustments (Experiment 1c, Fig. 3c)
show that the US Midwest sink in 2002–2007 is 0.363±0.13 PgCyr−1. This sink value
obtained in Experiment 1c is similar to that (263 PgCyr−1) in Experiment 1b but con-
siderably larger than 189 PgCyr−1 in the control case, confirming the importance of
considering the crop production and consumption data for atmospheric inversion.15

Experiments 1a–c analyzed above are designed to accentuate the information con-
tent of atmospheric CO2 measurements for the surface carbon flux by neutralizing the
annual biospheric fluxes before making the crop consumption adjustments. However,
it could be argued that the annually neutralized fluxes may not be the best prior infor-
mation for constraining the inversion. Experiments 2a–c are therefore conducted with20

the best prior estimates possible based on a biospheric model and crop data. The prior
biospheric carbon flux used in Experiment 2 differs from that in Experiment 1 in the
following ways: (1) the annual net carbon flux modeled by BEPS is used without neu-
tralization, (2) the interannual variations in the prior flux are considered, and (3) the in-
terannual variations in crop production and consumption are also considered. Although25

errors in the annual mean prior fluxes would have imprints on the inverted results in
Experiment 2, the un-neutralized fluxes may nudge the inverted results closer to the
reality as it integrates our prior knowledge on the carbon source and sink distribution
and the interannual variability.
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Figure 4 shows inverted results under Experiment 2 with comparisons to the prior
estimates in three cases: Experiment 2a with the biospheric flux from BEPS only, Ex-
periment 2b with the biospheric flux adjusted by crop production, and Experiment 3c
with the biospheric flux adjusted by both crop production and consumption. The pro-
duction adjustment (Experiment 2b) leads to significant increases in the CO2 sink in5

the Midwest crop area (Regions 20). Regions 19, 21 and 25 also gain noticeable sink
increases, but sinks in other regions in USA decrease in compensation for these gains.
Relative to Experiment 2b, the additional consumption adjustment made in Experiment
2c significantly weakened the sinks in the West region and noticeably in the Southeast.
These results are consistent with the findings from Experiment 1. Crop adjustments in10

Experiment 2 greatly enhanced the sinks in the cropland in the US Midwest (Regions
20, 21), mostly at the expense of forested areas in the Southeast (Regions 26, 27, 28).
This is also similar to Experiment 1, which only takes into account the seasonal varia-
tions but not the interannual variations. For the purpose of comprehensive evaluation
of how crop adjustments spatially redistribute the carbon flux, Table 4 provides a matrix15

of correlation coefficients of the change in the inverted flux from Experiment 2a to Ex-
periment 2c among the 11 regions in the USA, where positive (negative) correlations
indicate that the crop adjustments make the inverted flux to increase or decrease in the
same (opposite) direction. Region 21, for example, is negatively correlated with most
regions except Regions 20, 23 and 24, suggesting that its increase in carbon sink after20

the crop adjustments is mostly balanced by decreases in other regions except Regions
20, 23, and 24.

Our Experimental 2a result for Region 20 is comparable to the sink of 0.11 PgCyr−1

for cropland in about the same region from 2001 to 2005 reported by Peters
et al. (2007), in which the biospheric flux was not adjusted for crop production and25

consumption. After crop adjustments in Experiment 2c, the sink magnitude in Region
20 is about doubled with a total of 0.23 PgCyr−1 (Table 3) or 298 gCm−2 yr−1. The
corresponding sink magnitude in Region 21 is 0.19 PgCyr−1 or 181 gCm−2 yr−1. The
average sink strength of these two region (219 gC m−2 yr−1) is about 45 % larger than
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the results (about 150 gCm−2 yr−1) of three inversion models used in the Mid-Continent
Intensive (MCI) study (Schuh et al., 2013). The MCI study area of 1000km×1000km
covers 52 % of Regions 20 and 21, and the total inverted sink was about 0.15 PgCyr−1.
In another inversion study (Lauvaux et al., 2012), the inverted sink for the same MCI
area was 0.183 PgC over a growing season from June to December (the dormant sea-5

son was about carbon neutral). The inverted sink per unit land area over a corn grid
was found to be about 50 % smaller than eddy covariance flux measurements at the
same location, although a mixture of crop and grassland in the grid is given as the
probable reason for this large discrepancy. The difference of our inversion results from
these MCI studies is within the posterior uncertainty of our inversion but also indicates10

the need of further evaluation of our inversion results.
Table 3 also provides aggregated results for 4 large USA census regions: West,

Midwest, Northeast and Southeast, as well as for USA and Canada. Crop consump-
tion adjustments make significant (SNR> 1) changes to the inverted carbon flux in the
West region in both Experiments 1 and 2. This is mostly due to the large crop con-15

sumption in California. In Experiment 2b with the non-neutralized and interannually
variable prior biospheric flux, the crop production adjustment alone affects very little
the inverted sink in the West region, but significantly increases the sink in the Mid-
west region with high crop production. Similar to Experiment 1, the total sinks in North
America and Canada show large changes in sink sizes for Experiment 2 after crop20

adjustments. This suggests that in atmospheric inversion, the changes in the a priori
flux affect the inverted results not only locally but also globally (Gurney, 2004). The
overall USA and North American carbon sinks are both shown to have increased when
adjusted for production only in Experiment 2b, whereas their sink sizes are similar to
the control case when the crop consumption adjustment is also made (Experiment 2c),25

where the percentage changes are only 1.7 % and −2.6 % (Table 3), respectively. This
result reinforces our original assumption that the long term cropland carbon budget is
approximately balanced between the crop production and consumption (West et al.,
2011).
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4.2 Multi-year global carbon budget

Although the cropland carbon adjustments were only made for the US regions, the CO2
flux is inverted globally. Table 5 provides the average annual inverted CO2 fluxes glob-
ally from 2002 to 2007 for Experiments 1 and 2. It also summarizes the mean inverted
CO2 fluxes (µ) and errors (ε), as well as percentage changes (∆%) from the control5

case for the large regions outside of North America. In the results for both Experiments
1 and 2, changes in the inverted flux are observed in many regions outside of the USA,
although no adjustments to the prior flux were made outside of USA. A plausible ex-
planation for these results is that any changes in the total sinks in the conterminous
USA must be compensated by other regions around the globe since the global carbon10

budget is constrained by the mean changes in the atmospheric CO2 concentration.
In an atmospheric inversion study, Gurney (2004) found that contributions from land
fluxes appeared in the adjacent ocean regions, and described this phenomenon as
flux “leakage”. In our case, the compensating effect seen in other regions outside of
the conterminous USA may also be considered as a leakage. This leakage puts into15

question the reliability of the atmospheric CO2 measurements in optimizing the local
flux if the prior information is biased, given the fact that North America is one of the
continents with strong data constraints.

The inverted total global land sink from Experiment 2 is larger than that from Ex-
periment 1 (Table 5) because the prior land sink in Experiment 2 is larger than that20

in Experiment 1. To compensate this influence of the prior flux over land, the inverted
ocean sink is smaller in Experiment 2 than in Experiment 1. The total land and ocean
sinks do not show large changes with the crop production or crop consumption adjust-
ments in the USA in both experiments (Table 5). Relative to Experiment 1, Experiment
2 shows a slightly larger decrease in the terrestrial sink and a slightly larger increase25

the ocean sink. The overall crop adjustments allocate a slightly smaller sink to North
America while most regions outside of North America adjust accordingly to balance the
global carbon budget due to weak data constraints in other regions.
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4.2.1 Seasonal variation

The timings of the CO2 uptake and release from croplands exert great influences on
the atmospheric CO2 (Corbin et al., 2010), as crops in different regions differ in their
growth patterns. The seasonal variation pattern in the surface flux may coincide with
that in the strength of atmospheric boundary layer mixing, causing the rectifier effect5

on atmospheric transport (Denning et al., 1995; Gurney, 2004). In this research, the
a priori seasonal variation for cropland is based on BEPS which considers the seasonal
variations in vegetation structure using remotely sensed LAI and meteorology. Figure 5
shows the monthly a priori and a posteriori CO2 fluxes for the period of 2002–2007
from Experiment 2 for regions of high crop production and high crop consumption in10

the US. Results from Experiment 1 are not shown, but they are similar in the seasonal
variation pattern.

In Regions 20 and 21 of high crop production, the inverted monthly fluxes with agri-
cultural adjustments show higher uptake during the peak growing season of June, July
and August and a stronger release of carbon during the non-growing season in October15

and November than the prior fluxes. March and April show a net uptake in the CO2 in-
verted fluxes in agriculturally adjusted experiments in Region 20 instead of near carbon
neutrality shown in the control experiment. In Regions 23 and 24 of high crop consump-
tion with low vegetation, the impacts of crop consumption adjustment are mostly shown
as persistent decreases in sinks throughout the year, while those of the production ad-20

justment as persistent increases. In the forests in the US Southeast with moderate crop
production and consumption (Regions 26, 27, 28), the crop production adjustment (Ex-
periment 2b) and the crop production and consumption adjustments (Experiment 2c)
have discernible to considerable impacts on the magnitude of the CO2 uptake during
the growing season and release during non-growing seasons.25

The changes in the monthly inverted fluxes after adjusting for crop production and
consumption are mainly observed as changes in the magnitude instead of the timing
of the growing seasons. This means that the seasonal pattern of the inverted CO2
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flux generally follows that of the a priori flux. In making our US cropland carbon ad-
justments, annual cropland census data are used instead of actual cropland seasonal
variations, while the seasonal growth pattern is modeled based on remotely sensed LAI
and meteorology. Therefore, these results are constrained by remote sensing informa-
tion, although they are also subject to certain uncertainties due to errors in retrieved5

LAI and the model.

4.3 Discussion

After integrating US crop production and consumption data into the prior flux, the US
Midwest becomes a large regional CO2 sink from 2002 to 2007 in our inverse modeling.
This is mainly due to the large uptake of CO2 during the growing season (Peters et al.,10

2007). Because of the release of the CO2 in regions of sizable crop consumptions by
humans and livestock, a weakening of the US Southeast forest sink is found in our
inversion. With the neutralization of the annual prior flux before adjusting for crop con-
sumption (Experiment 1), the US Midwest is perceived by the “atmospheric view” as
the dominant sink in North America. While croplands in the US Midwest uptake large15

amounts of carbon during the growing season, some of this carbon is decomposed
onsite while the remainder is transported offsite and respired back to the atmosphere
elsewhere. Therefore, lateral transport of carbon needs to be considered in order to rec-
oncile atmospheric inversion results with ground-based measurements (Hayes et al.,
2012; Gourdji et al., 2012). In the West Coast including California, where there are20

high human and livestock consumptions, an overall CO2 source is obtained from the
inversion. With the incorporation of US cropland carbon data, the main US sink is redis-
tributed from the US Southeast and West forested regions to the US Midwest cropland
in the inversion process. In order to assess the possible range of errors in our inversion
system, this redistribution is shown in the results from two sets of experiments. Exper-25

iment 1, which gives larger weights to the influence of atmospheric CO2 observation
than to the prior terrestrial flux, shows the sink in the US Midwest to be larger than that
in the US Southeast. Similar results are also obtained in Experiment 2, which gives
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larger weights to the prior terrestrial flux as an opposite case. In both experiments, the
inclusion of agricultural inventory data in the priors significantly altered the inversion
results for several regions in the West and Midwest regions.

In Experiment 1 based on an annually neutralized prior ecosystem flux, the overall
magnitudes of the US and North American sinks are weakened by ∼ 0.8 % and ∼ 4.4 %5

after the cropland production and consumption adjustments are made. Furthermore,
regions outside of the USA are also affected by these adjustments, and the Canadian
carbon sink shows noticeable weakening (8.4 %). Many regions outside of North Amer-
ica, which are not as well constrained by CO2 observations, also show small changes
when these adjustments are made. While these changes may have been affected by10

the additional errors introduced to the uncertainty matrix of the prior flux to consider
errors in these adjustments, the leakage of the CO2 flux from the adjusted regions into
other regions with poor constraints may be the main reason for these changes (Gurney,
2004). While not conclusive, this phenomenon of leakage points to the importance of
the prior flux for constraining atmospheric inversion for the carbon flux of small regions15

with sparse atmospheric CO2 measurements. It is also interesting to note that in Exper-
iment 2, which uses an un-neutralized prior flux, this leakage phenomenon is greatly
reduced, presumably due to the fact that the un-neutralized flux is closer to reality than
the neutralized flux. The following further discussion is therefore based on results from
Experiment 2.20

During the period from 2002 to 2007, the annual mean crop production and
consumption over the conterminous USA based on West et al. (2011) were ∼
0.27 PgCyr−1 and ∼ 0.24 PgCyr−1, respectively. The consumption is smaller than
production by about 0.03 PgCyr−1, which is close to the value of 0.047 PgCyr−1

for US agricultural carbon export in 2008 estimated by West et al. (2011). For the25

US Midwest, the inverted results with agricultural adjustments show a large sink of
0.42±0.13 PgCyr−1 (Experiment 2c). The value is reduced to 0.24 PgCyr−1 if these
adjustments are not made (Experiment 2a). These adjustments make a difference of
approximately 67 % of the total annual crop production in the USA (West et al., 2011).
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This suggests that the NEP simulations from the Boreal Ecosystem Productivity Simu-
lator (BEPS) underestimate the processes that relate to cropland CO2 sinks because
it assumes the consumption (respiration) occurs at the same location as production.

The US West and Southeast, being regions of large population and crop consump-
tion, show a combined 0.145 PgCyr−1 weakening of the sink after the crop adjustments5

(Experiment 2c). This sink reduction is about 60 % of the total annual crop consumption
averaged over 2002 to 2007 (∼ 0.24 PgCyr−1, based on West et al. (2011)), indicat-
ing the importance of using the crop consumption data for these two regions in the
inversion.

Using an atmospheric inversion technique over North America, Peters et al. (2007)10

showed the US Midwest to be the major sink and the US Southeast forest region to
be either carbon neutral or a source between 2002–2007. In our inversion constrained
by the annually neutralized a priori flux adjusted for crop production and consumption
(Experiment 1c, Table 3), the US Midwest is also shown to be a large CO2 sink, but the
US Southeast forest region remains a sizable carbon sink of 0.158±0.12 PgCyr−1 in15

the same period. Our result differs from that of Peters et al. (2007) for the US Southeast
mostly because of different prior fluxes used. Our inversion with the un-neutralized prior
flux modeled by BEPS (Experiment 2a) produced a large sink of 0.413±0.115 PgCyr−1

for the Southeast (Table 3), and with crop production and consumption adjustments
to the un-neutralized prior flux (Experiment 2c), the Southeast still remains a strong20

sink of 0.29 ± 0.12 PgCyr−1. From the neutralized experiments, we can infer that the
atmospheric signal is forcing the inversion in the sink direction for the US Southeast.
Although the sink is reduced by 42 % when crop production and consumption in this
region are considered, this atmospheric signal seems to be robust in indicating this
region to be a large sink. The results from Experiment 2 show that this sink signal is25

considerably strengthened if the prior flux is a sink, as we would expect from bottom-up
modeling (Zhang et al., 2012) for forests considering the predominant mid-age forest
structure (Pan et al., 2011b). The results of crop consumption adjustment obtained
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in Experiments 1c and 2c give us confidence that the crop consumption in the US
Southeast is not large enough to offset the forest sink in this region.

The main components of the US cropland carbon budget presented by West
et al. (2011) are the crop production and consumption. However, there is also a signifi-
cant portion of the crop products being exported outside of the USA. Ciais et al. (2007)5

shows the importance of this lateral transport of carbon internationally. In our study, this
lateral international transport of crop carbon is not considered, but its effects on the US
carbon cycle might have been included to the first order by the difference between crop
production of ∼ 0.27 PgCyr−1 and crop consumption of ∼ 0.24 PgCyr−1 within USA.

While the use of census-based cropland carbon data is cautioned due to their po-10

tentially large uncertainties (Chan and Lin, 2011), our research shows that agricultural
statistical data give valuable information on the spatial patterns and the magnitude of
the surface CO2 flux. Cropland carbon and atmospheric CO2 data, when used in com-
bination, are shown to be able to optimize the prior terrestrial CO2 flux simulated by
a biospheric model and can suggest areas of improvement in the model. This research15

shows that for managed land cover types such as croplands, where the carbon uptake
and release are not simply determined by biospheric processes, biospheric models
should not be the only tool used for generating prior terrestrial surface CO2 fluxes
(Ciais et al., 2007). Inventory data, such as agricultural statistics, are shown in this
research to provide the missing spatial information useful for regional carbon budget20

estimation using atmospheric inversion techniques.

5 Conclusion

Through adjusting the prior terrestrial carbon flux from a biospheric model using crop
production and consumption data at the county level over the conterminous USA, we
conducted two sets of atmospheric inversion experiments for the purpose of investi-25

gating the influence of the crop data on the spatial distribution of the inverted carbon
flux over North America from 2002 to 2007. One set of experiments utilizes the prior
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flux that is annually neutralized before the adjustments, and the other set utilizes the
prior flux without the neutralization. These two sets of experiments allow us to explore
the possible ranges of the influences of the crop data on the inverted carbon flux. The
main findings of this research are summarized as follows:

1. The spatial distribution of the inverted carbon flux among 30 regions in North5

America is sensitive to changes in the prior flux after the crop production and
consumption adjustments. An atmospheric sink signal is detected in cropland ar-
eas because of crop production, while a source signal is detected elsewhere due
to crop consumption. Similar to many other biopheric models, the model used in
this study provides a prior carbon flux without considering the lateral transport of10

carbon and therefore does not capture the large consumption sources and under-
estimates the large production sinks. While we agree with Gurney et al. (2003)
who suggested that inverted fluxes are insensitive to small changes in the a pri-
ori fluxes for regions well constrained by atmospheric data, our results show that
lateral carbon transport adjustments to the a priori flux are large enough to signifi-15

cantly alter the spatial distribution of the inverted flux. In some crop production and
consumption regions, changes in the inverted flux are larger than the uncertainty
estimate. Although West et al. (2011) shows the annual cropland carbon budget
to be approximately balanced over conterminous US, the spatial distributions of
crop production and consumption are highly uneven, and it would be useful to20

integrate this information into the prior flux in atmospheric inversion systems. We
therefore agree with the suggestion of Ciais et al. (2007) that simply forcing the
prior fluxes in inversions to follow spatial patterns of NPP is not compatible with
regional patterns of CO2 sources and sinks due to crop product displacement.

2. Integration of crop data in the prior fluxes has helped identify some robust atmo-25

spheric signals in some source and sink regions. Similar to Peters et al. (2007), we
also find the US Midwest to be a large CO2 sink due to crop production, whether
or not the production and consumption adjustments are made or the prior flux
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is neutralized. Dissimilar to Peters et al. (2007), we find the forest regions in the
US Southeast to be a considerable sink. The neutralization of the prior flux and
the adjustments for crop consumption make the sink smaller, but these regions
remain sizable sinks throughout the inversion period from 2002 to 2007. This ro-
bust signal confirms the finding of Zhang et al. (2012) that the US Southeast is5

a large sink because of the large fraction of mid-age, actively growing forests. The
usage of the crop data has helped reconcile top-down and bottom-up results, in
agreement with Hayes et al. (2012).

3. The crop adjustments made to the prior carbon flux over the conterminous USA
also noticeably altered the inverted flux outside the USA when the biospheric flux10

is neutralized on an annual basis. This seems to be a leakage of the flux to regions
outside of the adjusted regions, a similar case to that was previously found by Gur-
ney (2004). Without sufficient atmospheric CO2 data to constrain each region, the
alteration of the flux in one region is mostly compensated by other regions, espe-
cially those in vicinity and least constrained. This result confirms that our current15

ground-based CO2 observation network is not dense enough in any region in the
world to conduct inversions without the additional prior flux constraint. Therefore,
more attention should be given to obtaining accurate prior fluxes for inversion
purposes or greatly expanding the current CO2 observation network.
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Table 1. Summary of background prior fluxes and their uncertainties.

Background flux Data source Temporal variability Uncertainty

Fossil Fuel CDIAC (Marland et al., 2009) + Interannual n/a
EDGAR 4 database
(Olivier and Aardenne, 2005)

Fire GFEDv2 (Randerson et al., 2007) Interannual n/a
Biosphere BEPS model (Chen et al., 2003; Interannual, seasonal, 2.0 PgCyr−1 (Gurney et al., 2003) distributed globally over

Ju et al., 2006) diurnal land surfaces regions based on spatial pattern of the GPP
Ocean OPA-PISCES-T model Seasonal 0.67 PgCyr−1 distributed over

(Buitenhuis et al., 2006) ocean regions (Deng and Chen, 2011)
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Table 2. Schemes of experiments designed to test for the impact of integrating information from
crop production and consumption data into the a priorifluxes.

Experiment 1. Annually balanced terrestrial biosphere χ2

(a) Neutralized terrestrial prior fluxes from BEPS model (annual mean= 0) 1.09
(b) Neutralized terrestrial prior fluxes (annual mean= 0) adjusted for crop production 1.12
(c) Neutralized terrestrial prior fluxes (annual mean= 0) adjusted for crop production 0.97

and crop consumption (added to the prior fluxes as a source)

Experiment 2. Interannual variability in terrestrial biosphere χ2

(a) Terrestrial prior fluxes from BEPS model (annual mean 6= 0) 1.11
(b) Terrestrial prior fluxes (annual mean 6= 0) adjusted for crop production 1.16
(c) Terrestrial prior fluxes (annual mean 6= 0) adjusted for crop production and crop consumption 0.97
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Table 3. 2002 to 2007 mean inverted CO2 flux (µ), the error (ε) in Tg C yr−1 and the percent-
age change (∆%) for global regions. ∗ represents regions with SNR> 1, and +ve percentage
change in ∆% represents increase in uptake. West includes Regions 18, 19, 23, 24, and 25;
Midwest includes Regions 20 and 21; Northeast includes Region 22, and Southeast includes
regions 26, 27, and 28.

Region Experiment 1 Experiment 2

(a) (b) (c) (a) (b) (c)

µ±ε µ±ε ∆% µ±ε ∆% µ±ε µ±ε ∆% µ±ε ∆%

18 −43.27±33.1 −27.56±25.7 −36.31 −23.35±28.4 −46.03 −26.48±33.1 −18.95±25.7 −28.43 −14.74±28.4 −44.32
19 −10.80±20.3 −6.44±15.8 −40.36 −2.67±17.7 −75.26 −15.22±20.3 −17.18±15.8 12.88 −13.41±17.7 −11.87
20 −71.59±56.9 −208.50±91.4 191.26∗ −212.88±102.4 197.38∗ −113.85±56.9 −227.33±91.4 99.67∗ −231.71±102.4 103.52∗

21 −117.07±59.8 −153.83±72.7 31.40 −149.69±78.3 27.87 −132.20±59.8 −192.76±72.7 45.81 −188.63±78.3 42.68
22 −104.91±57.7 −84.51±46.1 −19.45 −73.14±51.9 −30.28 −145.62±57.7 −124.70±46.1 −14.36 −113.33±51.9 −22.17
23 −0.79±8.9 −0.26±7.0 −67.39 6.63±10.2 −941.50∗ 1.66±8.9 0.34±7 −79.75 7.23±10.2 334.19
24 −0.05±0.0 −1.01±0.0 1796.23∗ 3.81±3.5 −7286.79∗ −3.00±0.0 −4.93±0.0 64.71∗ −0.12±3.5 −96.03
25 −7.95±14.2 −6.98±10.9 −12.23 −0.59±14.2 −92.61 −23.48±14.2 −26.09±10.9 11.12 −19.70±14.2 −16.10
26 −92.88±59.8 −81.72±47.5 −12.02 −56.41±63.8 −39.27 −160.95±59.8 −138.33±47.5 −14.06 −113.01±63.8 −29.79
27 −111.07±78.7 −107.69±64.6 −3.05 −81.40±82.9 −26.72 −175.18±78.7 −167.96±64.6 −4.12 −141.68±82.9 −19.12
28 −69.17±67.5 −56.57±51.0 −18.22 −31.80±64.5 −54.02 −76.25±67.5 −63.05±51.0 −17.30 −38.29±64.5 −49.78

West −62.85±39.1 −42.24±30.4 −32.8 −16.17±32.7 −74.28∗ −66.50±40.2 −66.81±20.6 0.46 −40.75±23.4 −38.73∗

Midwest −188.65±80.7 −362.32±116.8 92.06∗ −362.57±128.8 92.19∗ −246.05±82.3 −420.09±115.5 70.73∗ −420.33±128.2 70.83∗

Northeast −104.91±57.7 −84.51±46.1 −19.45 −91.12±51.9 −13.14 −145.62±57.7 −124.70±46.1 −14.36 −131.31±51.9 −9.82
Southeast −273.13±118.2 −245.97±94.2 −9.94 −169.61±119.3 −37.90 −412.38±115.5 −369.34±93.1 −10.44 −292.98±119.4 −28.95

US −629.54±157.7 −735.04±153.9 16.76 −624.46±172.7 −0.81 −870.55±156.3 −980.94±152.2 12.68 −885.37±182.4 1.70
Canada −295.59±142.8 −258.04±139.5 −12.70 −270.77±139.7 −8.40 −255.50±137.2 −219.74±136.7 −14.00 −217.45±136.3 −14.89

NA −932.61±205.9 −988.03±195.9 5.94 −892.16±211.4 −4.34 −1139.67±189.9 −1206.04±181.8 5.82 −1110.17±200.3 −2.59
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Table 4. Correlation coefficients of the change in the inverted flux from Experiments 2a to
Experiment 2c among 11 regions in USA, calculated based on inverted annual fluxes in 2000–
2007.

Region 18 19 20 21 22 23 24 25 26 27 28

18 1 0.88 −0.57 −0.56 0.33 0.13 −0.16 0.55 0.09 0.16 0.75
19 0.88 1 −0.54 −0.69 0.43 0.29 0.02 0.72 0.17 0.16 0.70
20 −0.57 −0.54 1 0.06 −0.36 −0.34 0.12 −0.01 −0.46 −0.21 −0.19
21 −0.56 −0.69 0.06 1 −0.48 0.10 0.10 −0.78 −0.44 −0.25 −0.71
22 0.33 0.43 −0.36 −0.48 1 −0.18 −0.45 0.12 0.61 0.09 −0.01
23 0.13 0.29 −0.34 0.10 −0.18 1 0.87 0.41 −0.14 0.67 0.23
24 −0.16 0.02 0.12 0.10 −0.45 0.87 1 0.41 −0.27 0.63 0.16
25 0.55 0.72 −0.01 −0.78 0.12 0.41 0.41 1 −0.03 0.46 0.86
26 0.09 0.17 −0.46 −0.44 0.61 −0.14 −0.27 −0.03 1 0.29 −0.03
27 0.16 0.16 −0.21 −0.25 0.09 0.67 0.63 0.46 0.29 1 0.37
28 0.75 0.70 −0.19 −0.71 −0.01 0.23 0.16 0.86 −0.03 0.37 1
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Table 5. 2002 to 2007 mean inverted CO2 flux (µ), the error (ε) in PgCyr−1 and the percentage
change (∆%) for global regions. ∗ represents regions with SNR> 1, and +ve percentage change
in ∆%, represents increase in uptake/release.

Region Experiment 1 Experiment 2

(a) (b) (c) (a) (b) (c)

µ±ε µ±ε ∆% µ±ε ∆% µ±ε µ±ε ∆% µ±ε ∆%

NA-N −0.28±0.14 −0.24±0.14 −13.01 −0.26±0.14 −7.57 −0.22±0.14 −0.18±0.14 −14.89 −0.20±0.14 −7.83
NA-S −0.65±0.16 −0.74±0.16 14.07 −0.63±0.16 −2.95 −0.92±0.16 −1.02±0.16 10.65 −0.91±0.19 −1.37
31 0.36±0.41 0.35±0.41 −0.61 0.34±0.41 −5.59 0.34±0.41 0.39±0.41 14.34 0.37±0.41 9.12
32 −0.07±0.27 −0.07±0.27 −3.62 −0.06±0.27 −10.04 −0.11±0.27 −0.09±0.27 −16.89 −0.08±0.27 −21.02
33 −0.20±0.28 −0.19±0.28 −5.45 −0.22±0.28 8.30 −0.28±0.28 −0.19±0.28 −33.92 −0.22±0.28 −24.07
34 −0.86±0.27 −0.86±0.27 −0.15 −0.86±0.27 −0.63 −0.93±0.27 −0.91±0.27 −2.33 −0.91±0.27 −2.78
35 −0.90±0.26 −0.87±0.26 −2.97 −0.89±0.26 −0.40 −1.00±0.26 −0.96±0.26 −3.73 −0.99±0.26 −1.42
36 −0.63±0.24 −0.61±0.24 −3.34 −0.64±0.24 0.57 −0.52±0.24 −0.54±0.24 4.97 −0.57±0.24 9.75
37 −0.54±0.24 −0.54±0.24 0.57 −0.54±0.24 0.78 −0.63±0.24 −0.59±0.24 −7.49 −0.59±0.24 −7.32
38 0.06±0.08 0.06±0.08 1.05 0.06±0.08 1.91 0.04±0.08 0.04±0.08 −2.77 0.04±0.08 −1.58
39 −0.21±0.21 −0.18±0.21 −14.44 −0.19±0.21 −7.45 −0.06±0.21 −0.01±0.21 −88.22 −0.02±0.21 −64.84
40 −0.58±0.15 −0.58±0.15 1.22 −0.59±0.15 3.00 −0.62±0.15 −0.63±0.15 1.22 −0.64±0.15 2.87
41 −0.06±0.12 −0.07±0.12 10.86 −0.06±0.12 2.11 0.00±0.12 −0.01±0.12 138.30 0.00±0.12 −45.39
42 0.74±0.14 0.74±0.14 −0.72 0.74±0.14 −0.14 0.80±0.14 0.79±0.14 −0.90 0.79±0.14 −0.36
43 −0.58±0.18 −0.58±0.18 0.25 −0.58±0.18 −0.35 −0.51±0.18 −0.51±0.18 0.77 −0.51±0.18 0.08
44 −0.27±0.07 −0.28±0.07 2.85 −0.27±0.07 1.07 −0.27±0.07 −0.28±0.07 3.52 −0.28±0.07 1.76
45 −0.34±0.12 −0.34±0.12 −0.84 −0.36±0.12 4.30 −0.31±0.12 −0.30±0.12 −3.08 −0.32±0.12 2.52
46 0.10±0.12 0.10±0.12 −0.60 0.10±0.12 −0.41 0.15±0.12 0.15±0.12 1.02 0.15±0.12 1.14
47 −0.32±0.14 −0.32±0.14 −1.28 −0.32±0.14 −1.52 −0.33±0.14 −0.33±0.14 −0.94 −0.33±0.14 −1.18
48 0.15±0.06 0.15±0.06 −1.04 0.15±0.06 −0.77 0.14±0.06 0.14±0.06 −0.73 0.14±0.06 −0.45
49 0.06±0.16 0.05±0.16 −6.59 0.06±0.16 −2.21 0.14±0.16 0.14±0.16 2.54 0.15±0.16 4.36
50 −0.56±0.13 −0.56±0.13 −0.64 −0.56±0.13 −0.87 −0.53±0.13 −0.53±0.13 −0.42 −0.53±0.13 −0.66

Land −3.93±0.67 −3.89±0.67 −0.83 −3.90±0.65 −0.72 −4.30±0.66 −4.07±0.65 −5.39 −4.07±0.66 −5.29
Oceans −1.67±0.37 −1.69±0.37 1.43 −1.70±0.37 1.70 −1.37±0.38 −1.38±0.37 0.98 −1.39±0.37 1.31

Total −5.59±0.75 −5.59±0.75 −0.16 −5.59±0.74 0.01 −5.66±0.75 −5.45±0.74 −3.85 −5.46±0.75 −3.70
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Figure 1. A nested inversion system with 30 regions for North America and 20 regions for the remainder 
of the globe. The 210 measurement sites are indicated as circles. 

Fig. 1. A nested inversion system with 30 regions for North America and 20 regions for the
remainder of the globe. The 210 measurement sites are indicated as circles.
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Figure 2. Spatial distributions of annual crop production (top); crop consumption (middle); and crop 
NEP (bottom) for 2003.  Data taken from (CDIAC) website: http://cdiac.ornl.gov. 

Fig. 2. Spatial distributions of annual crop production (top); crop consumption (middle); and
crop NEP (bottom) for 2003. Data taken from (CDIAC) website: http://cdiac.ornl.gov.
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 Figure 3. Map of mean annual inverted CO2 flux for Experiment 1 during 2002 to 2007 over 

contiguous US regions. Negative values represent carbon uptake. 

 

Fig. 3. Map of mean annual inverted CO2 flux for Experiment 1 during 2002 to 2007 over
contiguous US regions. Negative values represent carbon uptake.
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Figure 4. Map of mean annual inverted (left) and prior (right) CO2 flux for Experiment 2 during 2002 to 2007 over 

contiguous US. Negative values represent carbon uptake.  

Fig. 4. Map of mean annual inverted (left) and prior (right) CO2 flux for Experiment 2 during
2002 to 2007 over contiguous US. Negative values represent carbon uptake.
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Fig. 5. Monthly inverted (solid lines) and prior (dashed lines) CO2 flux (−ve represents uptake)
averaged over 2002 to 2007 for Experiments 2 – annually varying terrestrial prior fluxes with (a)
no adjustments – blue; (b) production adjustments – red ; (c) crop production and consumption
adjustments – green.
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