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Abstract. Atmospheric inversions have become an impor- carbon flux distribution among subcontinental regions, espe-
tant tool in quantifying carbon dioxide (GQ sinks and cially for regions lacking atmospheric G@bservations.
sources at a variety of spatiotemporal scales, but associated
large uncertainties restrain the inversion research commu-

nity from reaching agreement on many important subjects.

We enhanced an atmospheric inversion of the,@@x for 1  Introduction

North America by introducing spatially explicit information

on forest stand age for US and Canada as an additional conthe atmospheric concentration of carbon dioxide ££®
straint, since forest carbon dynamics are closely related tdising, leading to a positive radiative forcing of climate and a
time since disturbance. To use stand age information in theéystematic increase in surface air temperature. Observations
inversion, we converted stand age into an age factor, and inof global atmospheric Cfconcentration have been one of
cluded the covariances between subcontinental regions in thé€ most important datasets for quantifying and understand-
inversion based on the similarity of the age factors. Our in-ing the global carbon cycle. Before the 1990s, scientists used
version results show that, considering age factors, region§&0O2 measurements from a limited number of sites to ana-
with recently disturbed or old forests are often nudged to-lyze the temporal variability of the global carbon cycle. As
wards carbon sources, while regions with midd|e_aged promore sites were added to the glObal observation netWOfk, in-
ductive forests are shifted towards sinks. This conforms toverse techniques were developed to understand both tempo-
stand age effects observed in flux networks. At the subcontifal and spatial distributions of carbon exchange across the
nental level, our inverted carbon fluxes agree well with con-globe. However, current observation sites are still sparse rel-
tinuous estimates of net ecosystem carbon exchange (NEE’UVG to the size of the global surface, ||m|t|l’lg the number
upscaled from eddy covariance flux data based on MODIf regions that can be robustly inverted. Most inverse stud-
data. Inverted fluxes with the age constraint exhibit strongeri€s solved for~ 20 source regions (e.g., Enting et al., 1995;
correlation to these upscaled NEE estimates than those ifRayner et al., 1999; Fan et al., 1998; Gurney et al., 2003,
verted without the age constraint. While the carbon flux at the2004; Bousquet et al., 2000; Baker et al., 2006; Law et al.,
continental and subcontinental scales is predominantly deter2003b; Patra et al., 2005; Bruhwiler et al., 2011), but these
mined by atmospheric GOobservations, the age constraint large-region inversions could lead to large spatial aggrega-

is shown to have potential to improve the inversion of thetion errors due to surface heterogeneity (Kaminski et al.,
2001), except for several inversions conducted on systems
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with many more regions (Houweling et al., 1999; Kaminski atmospheric inversion by using a priori carbon flux with diur-
et al., 1999; Rdenbeck et al., 2003; Michalak et al., 2005; nal and seasonal variations simulated by an ecosystem model
Peylin et al., 2005; Peters et al., 2007). Although solving forthat includes these mechanisms (Deng and Chen, 2011).
more regions potentially allows more information to be ex- In addition to climate, forest disturbances in the form of
tracted from the C@concentration observations, it can also discrete events greatly alter the carbon cycle at various spatial
introduce large biases if individual regions remain uncon-and temporal scales (Liu et al., 2011). These discrete events,
strained. To reduce these biases, a prescribed spatial relatiohewever, have not been described appropriately in a mathe-
ship in flux error covariance is often used as an extra conmatical model. The forest carbon cycle is closely associated
straint in solving the large number of unknown fluxes (e.g., with the forest life cycle, which can last for several hundred
Rodenbeck et al., 2003; Michalak et al., 2005; Peylin et al.,years. Stand age or successional stage is a critical factor in
2005; Peters et al., 2007, 2005; Zupanski et al., 2007; Schuldetermining forest carbon storage and fluxes (Turner et al.,
et al., 2009). 1995; Caspersen et al., 2000; Schulze et al., 2000; Law et al.,
Deng et al. (2007) used several continental sites to pur1999, 2003a, 2001; Chen et al., 2003, 2002; Thornton et al.,
sue a detailed C@inversion for North America, and ex- 2002; Pregitzer and Euskirchen, 2004; Bond-Lamberty et al.,
perimented with the use of two meteorological parameters2004; Kurz and Apps, 1999). At the regional scale, forests
temperature and precipitation, to further constrain the spainclude stands of trees in various stages of development as a
tial patterns of CQ fluxes across the continent. As a result, direct reflection of the history of past disturbances and man-
the inverted fluxes of a local region containing observationagement practices, and thus the carbon balance of a region is
site(s) and a region without observation sites under similarthe aggregation of the carbon balance of the individual forest
climate are constrained with imposed spatial links; the de-stands and non-forest land covers. Apps et al. (2006) pointed
duced fluxes and their spatial variations will be closer toout that the change in ecosystem structures, especially the
our intuitive expectation. This effect is particularly appar- age-class structure of forests, is at least as important as the
ent when the simulated concentration deviates significantlyjchange driven by physiological mechanisms. Recently, ob-
from the local CQ concentration observations. The inferred servations of carbon fluxes derived from the Fluxnet-Canada
fluxes, however, could be biased due to the fact that largaetwork using the eddy covariance technique have also rein-
diurnal variations of the planetary boundary layer (PBL) at forced the strong relationships between forest age and carbon
continental sites cause large diurnal variations oh@0on-  fluxes (e.g., Coursolle et al., 2006; Zha et al., 2009).
centrations, while a transport model without considering the The first continental forest stand age product for North
diurnal variations is used to simulate the atmospheriep CO America derived from forest inventory data, large fire poly-
concentrations. To reduce these biases, we implemented agons, and remotely sensed data (Pan et al., 2011) provides a
inversion considering the diurnal variations of the surfacenew source of information to re-evaluate the carbon sources
COy exchange of the terrestrial ecosystems and the atmoand sinks across the continent as affected by age-class dis-
spheric boundary layer dynamics (Deng and Chen, 2011)tributions and ecosystem productivity. Forest stand age in-
However, the traditional diagonal a priori uncertainty matrix formation has never been incorporated into atmospherig CO
was used in these schemes, and the spatial correlation b@versions due to lack of global or continental-scale data, and
tween regions was not considered. thus using this continental stand age map provides an oppor-
Carbon sinks and sources on land have been attributed ttunity to add an additional constraint to atmosphericoG®
two types of mechanisms (Houghton, 2007): physiologicalversions. Our research questions are as follows. (1) How can
(or metabolic) and demographic (or disturbance). Physiologwe reasonably integrate stand age information into an atmo-
ical mechanisms driven by variations in climate, elevated at-spheric inversion scheme? (2) Is the stand age information
mospheric CQ, and increased nutrient inputs from air pol- useful to improve atmospheric G@nversion? We approach
lution have been intensively studied to estimate the possibléhese questions using the spatially explicit information of for-
responses of terrestrial ecosystems to global climate changest stand age (Pan et al., 2011) to construct the a priori car-
and to attribute responses to specific factors. Over the shoftton flux covariance matrix to account for the spatial correla-
term, climate is the main driving force of the diurnal, sea- tion of prior flux errors between regions. Inversions are con-
sonal and interannual variations of the terrestrial carbon cy-ducted with and without considering stand age in order to
cle (Richardson et al., 2007; Dragoni et al., 2011), and theexamine the effects of stand age on inverted fluxes. The use-
observed variability in carbon sink strength can often be ex-fulness of including forest age information in our inversion
plained by the anomalies in climatic conditions (Dunn et al.,is explored through analyzing the spatial correlation of the
2007; Desai, 2010). These anomalies tend to affect photoinverted fluxes with an independent flux field over temper-
synthesis and respiration through physiological mechanismste North America derived from site-level eddy covariance
(Luyssaert et al., 2007; Richardson et al., 2007), and hencflux data and coast-to-coast satellite data from the Moder-
change the net carbon exchange between terrestrial ecosyate Resolution Imaging Spectroradiometer (MODIS) (Xiao
tems and the atmosphere. These physiological mechanismet al., 2008, 2011).
controlling the carbon cycle have been considered in a global
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2 Transport model and inversion technique lation to achieve compatibility between them. TM5 offers
the possibility to use online two-way nested grids, giving

2.1 Forward modeling framework it regional-scale capabilities in a global framework. In this
project, we define a global°6« 4° grid with a nested grid

2.1.1 Global surface fluxes within that focuses on North America at 2 2° based on

Peters et al. (2004, 2005). The model transport of TM5 has
There are four major reservoirs of carbon that affect thebeen extensively evaluated usifidRn and Sk (Krol et al.,
global carbon cycle on the timescale of seconds to millen-2005; Peters et al., 2004), and TM5 performs consistently
nia: the atmosphere, oceans, reserves of fossil fuels, andell in atmospheric transport model intercomparisons (Law
terrestrial ecosystems including vegetation and soil. On theet al., 2008; Patra et al., 2008).
timescale of years to centuries, the carbon exchanges be- We use the four surface fluxes introduced above from the
tween three of the reservoirs (oceans, fossil fuels, and terterrestrial ecosystem, ocean, fossil fuel burning, and biomass
restrial ecosystems) and the atmosphere determine the CQburning as input to the forward transport model to simulate
content in the air. We use four surface flux datasets to simuatmospheric C@concentration. However, there are substan-
late the atmospheric GCconcentration in a forward mod- tial differences between the simulated concentration and the
eling framework: (i) the fossil fuel emission fieldhttp:// observed atmospheric G@oncentration. These differences
carbontracker.noaa.gpwvhich is constructed based on the indicate that large biases exist in the input surface fluxes, and
global, regional and national fossil fuel G@mission inven-  they often serve as the driving forces to inversely calculate
tory from 1871 to 2006 (CDIAC) (Marland et al., 2009) and optimal surface fluxes.
the EDGAR 4 database for the global annual Gfnission
ona P x 1° grid (Olivier et al., 2005); (i) the hourly terres- 2.2  Inverse modeling framework
trial ecosystem exchange produced by the Boreal Ecosystem ) ) ]
Productivity Simulator (BEPS) (Chen et al., 1999), which Inverse modeling techniques compare simulatec €an-
is driven by NCEP/NCAR reanalysis data (Kalnay et al., centrations in the atmosphere with observations at discrete

1996) and remotely sensed leaf area index (LAI) (Deng etsites over the globe. The spatial and temporal distributions of
al., 2006), and for which a special treatment is implementeothe difference between the simulated and observed values are

to neutralize the annual flux at each grid cell; (iii) the flux USed to infer the spatial and temporal patterns of the carbon
of CO, across the air-water interface based on the results ofUX- In Bayesian synthesis inversion (Tarantola, 1987), the
daily CO; fluxes using the OPA-PISCES-T model forced by following objective function is employed:

daily wind stress and heat and water fluxes from the NCEP 1

reanalyzed data for 2000 to 2007 (Buitenhuis et al., 2006);J = E(Ms—c)TR_l(MS—C)—i-E(S—SP)TQ_l(S—Sp), 1)

and (iv) the monthly mean fire emission available from the

Global Fire Emissions Database version 2 (GFEDv2) (Ran-whereM is a matrix representing a transport (observation)

derson et al., 2007; van der Werf et al., 2006). operator;c is a vector of the observations;is an unknown
vector of the carbon fluxes of all regions to be inverted at
2.1.2 Atmospheric transport modeling monthly time steps combined with the assumed initial well-

mixed atmospheric C&concentrationss , is the a priori es-
The terrestrial carbon flux exhibits strong seasonal and ditimate ofs; and uncertainties of ands, are expressed in
urnal variations. The atmospheric g@oncentration over covariance matrixeR andQ.
land is characterized by substantial seasonal and diurnal vari- A total of 3000 forward simulations were conducted in
ations as a result of the temporal covariations between thehis study to form the transport (observation) operabdy (
atmospheric transport and the surface flux, producing a recef five years (2000—2004) for the 50 regions (Fig. 1). For
tifier effect (Denning et al., 1996a, 1995, 1996b). In ordereach month and region, a flux of 1 PgC is prescribed in
to include the diurnal C®variations in the simulations, an the TM5 model for forward transport computation to deter-
atmospheric transport model that can simulate the diurnal cymine the contribution of each region to the £€bncentra-
cle of the atmosphere must be used. TM5 (global chemistrytion at each observation site since January of 2000. There are
transport model) (Krol et al., 2005, 2003) is a model that is strong diurnal variations in boundary layer dynamics, surface
able to accommodate diurnal variations in PBL. TM5 usedfluxes, and observed G&oncentrations over land, and the
in this study is a transport-only version of the TM5 chem- correlation among them could have a considerable effect on
istry transport model and is a fully linear operator on4CO the inversion result (Denning et al., 1996a). To handle these
fluxes. Tracer transport (advection, vertical diffusion, cloud diurnal variations appropriately in a monthly inversion, we
convection) in TM5 is driven by offline meteorological fields sampled the simulations to construct a transport (observa-
taken from the European Centre for Medium Range Weathetion) operator for continental sites. For tower sites, afternoon
Forecast (ECMWF) model. All physical parameterizations in hours were sampled to avoid the error-prone simulations un-
TM5 are kept as close as possible to the ECMWEF formu-der stable and stratified nocturnal atmospheric conditions
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Fig. 1. An inversion scheme: 30 regions in North America and 20 regions for the rest of the globe. Locations of 208s€@ational sites
are also indicated. Numbers and green dot circles stand for regions and observational sites, respectively.

near the ground. For non-tower continental sites, the sam3 Data and methods

ple collection times for discrete observation records associ-

ated with the C@ dataset described in the next section wereAs mentioned earlier, currently, the number of atmospheric
used in a weighted fashion to modify the monthly transportCO2 observation sites is still small relative to the size of
(observation) operatoM{). The same weighting approach the global surface. Moreover, these observation sites are un-
was also used to sample simulated G®ncentrations from evenly distributed over the globe. Therefore, the inversion of
prior fluxes of fossil fuel combustion, biosphere, ocean, andCO: flux is underdetermined (Deng et al., 2007). Additional

biomass burning, respectively, as used in Eq. (2) below. constraints, such as a priori flux uncertainties, are needed to
further constrain the inverse problem. In this section, we will

first describe all the inputs used in this study, and then devise
a new a priori uncertainty matrix based on the forest age map
for North America (Pan et al., 2011).
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3.1 CO, concentration data and model-data mismatch  al., 2008; Lovenduski et al., 2008; Wetzel et al., 2005) pro-
error vides a good reference of uncertainty in bottom-up model-

ing. Rddenback et al. (2003) also used 0.5 PgCyas his
The GLOBALVIEW-CO2 data (GLOBALVIEW-CO2, prior global ocean flux uncertainty. Considering that the a

2008) were used to produce the monthly €ncentration  priori used in this study is at the upper bound of those four
data. The GLOBALVIEW-CO2 consists of both extrapolated ocean uptakes, we used an uncertainty of 0.67 Pg& yr

and interpolated data. We selected the synchronized anglistributed among 11 ocean regions according to Baker et
smoothed values of actual observations to compile ous CO a|. (2006).
concentration dataset from 209 sites across the globe (Fig. 1) The sources of uncertainty in the land surface flux are
over the period from July 2001 to December 2004. Basedmore complicated than those of the air-sea surface exchange.
on this CQ concentration dataset and the forward modeling Fossil fuel emissions have small uncertainti¢$ ¢ of the
discussed in Sect. 2.1, the vectoin Eq. (1) can be further  global fossil fuel emissions; Marland, 2008) that are often not
expressed as considered in atmospheric inversions. Gurney et al. (2005)
demonstrated that ignoring the uncertainties of fossil fuel
emissions in time and space could effectively bias the sea-
wherecqps is the monthly CQ concentration derived from sonal pattern of surface fluxes and significantly change the
GLOBALVIEW-CO2; ¢f, ¢bio, Cocn, @ndciire are simulated  distribution of inverse fluxes in a high resolution inversion.
CO, concentrations from fluxes of fossil fuel combustion, The estimates of vegetation fire emissions are uncertain to
biosphere, ocean, and biomass burning, respectively. about 20% (&) on global, annual scales (van der Werf et
The model-data mismatch includes errors associated wittal., 2010). Similar to fossil fuel emissions, the uncertain-
observations (instrument errors) and errors from modelingties of vegetation fires could not be handled separately in
the observations. Various approaches (Rayner et al., 199ghis inversion study. It should be noted that, however, any
Rodenbeck et al., 2003; Baker et al., 2006; Gurney et al.jnverse estimate of the terrestrial carbon flux excluding fire
2004; Michalak et al., 2005; Bruhwiler et al., 2011) have emissions and fossil fuel emissions could be biased by these
been used to determine the model-data mismatch. We usddghcertainties. Compared with the error in the spatiotempo-
a method based on categorization of sites similar to Bakeral distribution of emissions from fossil fuel combustion and
et al. (2006). We divided the observation sites into five cat-vegetation fires discussed above, the heterogeneous distri-
egories, each with its own assigned constanb{s) and butions of carbon assimilation and respiration of terrestrial
variable portion (GVsd) that is computed monthly from the ecosystems in both space and time are even more error-
standard deviation of the residual distribution of the averageprone. With these considerations in mind, we used an uncer-
monthly variability (var) files of GLOBALVIEW-CQ 2008.  tainty of 2.0PgC yr! (based on a similar regional scheme of
Then the mismatch error covariance as a diagonal ma&yix, TRANSCOM 3) for the global land surface that is spatially

€ = Cobs— Cff — Cbio — Cocn — Cfire » 2

can be defined with the error variance of montyy distributed based on the annual NPP (net primary productiv-
5 ity) distribution simulated by BEPS. These are used to spec-
Rii = 0&nsi+ GVs(f. ®3) ify the diagonal elements of the a priori uncertainty covari-

The categories and respectiveonst are Antarctic sites ance matrix Q), and the off-diagonal elements that provide

(0.15 ppm), oceanic sites (0.30 ppm), land and tower Sitegnformation about the spatial correlation of the a priori errors
(1.25 ppm), mountain sites (0.90 ppm), and aircraft sample€tween regions are all set to 0.

(0.75 ppm). . . .
3.3 Forest stand age information and a priori

3.2 Prior fluxes and uncertainties uncertainties

The prior flux estimates for both oceans and lands in thisForest stand age is a fundamental factor that affects net car-
study were set to zero after we subtracted the modeled corbon accumulation by forest ecosystems (Chapin et al., 2002;
tributions to the CQ concentration from fossil fuel combus- Bradford et al., 2008; Apps et al., 2006). Forest age is asso-
tion, biosphere, ocean and biomass burning (see Eq. 2, alstiated with the various forest stand development stages, i.e.,
Sect. 2.1). The vectorto be optimized is thus the deviation young stands shortly after disturbance are likely to be sources
from the prior fluxes. of carbon while middle-aged stands are likely to be sinks.
The sources of uncertainty in the air-sea;@idx are mul- Forest stand age information has not yet been explicitly used
tifold, including the error of reanalyzed meteorological data, in global forest carbon cycle studies due to lack of spatially
the error of the estimated parameters in the OPA-PISCESexplicit information. As mentioned earlier, a map of stand
T model, and the error caused by the model structure. Esage for US and Canada has recently been produced (Pan et
timating the uncertainties of the model outputs is thereforeal., 2011). We used the stand age map to further constrain
extremely difficult. The spread (0.5 Pg C¥) of ocean up-  CO; fluxes over North America. The functional relationship
takes in four ocean models (Le €@ et al., 2007; Rodgers et between the forest age and NEP (net ecosystem production)

www.biogeosciences.net/10/5335/2013/ Biogeosciences, 10, 53382013
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Fig. 2. The distribution of fs for North America where forest stand age information is availafidés defined in Eq. (5) as the age varied
NPP calculated from Eq. (4), normalized by the maximum NPP determined by climate condition of a grig wel. calculated at a spatial
resolution of 1000 meters, and mapped using an Albers conic equal-area projection.

is exceedingly complicated (Chen et al., 2003; Turner et al.young or old forest in terms of NPP value. This normaliza-
1995; Law et al., 2003a), and therefore we did not directlytion accentuates the general pattern of NPP variation with
estimate NEP from the age information. Instead, we used thage while the absolute values of NPP under the influence of
forest age map as a covariate to describe the relative spaneteorological conditions (precipitation, temperature and ra-
tial distribution of carbon sinks and sources among the 30diation) are modeled by BEPS and included as part of the
regions in North America. Chen et al. (2003) developed aprior carbon flux. Figure 2 shows the distribution £f for
general semiempirical mathematical function to describe theNorth America.

relation of NPP with age over large areas as This ratio was then scaled to a quantitf. { for each re-
., gioni within North America as an area-weighted average of
b (ﬂe) -1 fs, and for each regiohwe defined an age factor as
NPP(age}=a | 1+ W ) 4)
¢ f(age) = fi, — fe. (6)

where the paramete#s b, ¢, andd are functions of the mean
annual air temperature. To extract information from stand ag
while avoiding the calculation of absolute NPP values, we

where f¢ is the mean off; for all North American regions.
imilar to fs, the first term ) in Eq. (6) also ranges be-
. . " “tween 0 and 1 with small, medium and large values repre-
norma_llzed the chronosequence curve against the maxmurgentmg young, old, and mid-aged forests, respectively. The
NPP (i.e., NPRax), purpose of subtracting. from f; is to balance the influences
NPP(age) of this consideration between regions with forest age infor-
s= NPRoo () mation and regions without forest age information. We intro-
duced this NPP-based age factor into our atmospheric inver-
where NPRax is the maximum value of NPP(age) for sion forthe netcarbon flux because net ecosystem carbon ex-
age=1to 250yr. fs ranges between 0 and 1, with large val- change (NEE) variations with age are mostly determined by
ues representing mature forests and small values representif?dfPP variations with age (Amiro et al., 2010). Heterotrophic
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respiration, which depends not only on the new organic mat- °°
ter transferred to the soil (proportional to current NPP) but
also on the amount of soil carbon accumulated over thou:

sands of years, varies much less than NPP with forest stan_ °® -ﬂﬁﬁﬁﬁ {:Hf Wﬁﬂ”, , h“ﬁ w ,H,_,ﬁ, ,, HH

0.05

age (Amiro et al., 2010), although there are some higher vaI§ 005
ues at younger sites. 5

To combine the regional age factor into the a priori flux —©"°
uncertainty, we constructed the following exponential covari- ;| ©wsoage constraint
ance matrix for a specific month: | wih age consiraint

-0.20
_1Aa—sl 123 45 67 8 91011121314151617 18 19 20 21 22 23 24 25 26 27 28 29 30
Az tal

Flux (!

1f1-fal
o? (10D (r20) Y2 e T8 - (r101) () L2l
21l V2l 2 RPN YA < Region
_ | (reo2)rion) e T ) < (rao2) (raop) e T (7

: o : e Fig. 3. Inverted CQ fluxes and uncertainties for 30 North America
(o) r1o) Y™ T (o) (raop) Yefde™ T oo o regions when the forest stand age information is not considered as a
| constraint (empty square) and when it is considered as a constraint

whereg;, f;, andr; are the standard deviation, the regiona :
(red solid square).

age factor, and the percentage of forest cover for regjon
respectively; is the integral scale, or decorrelation length
scale.

The guiding principle in constructing this matrixis thatin gyent in recent decades (Flannigan et al., 2006), resulted in
the nested inversion there are insufficient atmospherig CO gma)jer sinks when the forest age constraint was applied. The
stations over North America, and the spatial patterns of thg,erted sink size is reduced by about one-fifth in region 9
prior surface fluxes could be used to constrain the inversior(British Columbia, Canada), where a large proportion of the
for small regions. This constraint may be accomplished bysorest is old-growth. These changes in the regional sinks are
using the covariance of the errors between various small rep gt forced by the a priori fluxes that could be formed as a
gions. Errors in flux estimates for regions with similar age fnction of the age distribution. Instead, the sources/sinks are
factors are expected to be better correlated than those for gy ceqd to change in the same direction (either increase or de-
gions with dissimilar age factors. This approach has been apgrease) for areas with similar age factors, or change in oppo-
plied to regions 4 to 28 across North America (Fig. 1) basedsjie directions (one increase and another decrease) for areas
on the availability of stand age information. with dissimilar age factors. The relative changes of inverted
fluxes in region 9 and adjacent region 10 are good exam-
ples to illustrate this mechanism. As mentioned above, a lot
of old forests grow in region 9, while more middle-aged pro-
4.1 Inverted annual fluxes ductive forests proliferate in region 10. Accordingly, negative

and positive regional age factors are derived for region 9 and
To demonstrate how the integration of the information on for-region 10, respectively. These age factors transform into the a
est stand age could affect our inversion results, we ran th@riori covariance matrix, and consequently, the negative cor-
inverse modeling with different sets of a priori uncertainty relation between region 9 and 10 arose from the covariance
matrixes, i.e., using an a priori diagonal uncertainty matrix matrix design (Eq. 7), and this leads region 10 to become a
without considering any correlation between regions or an darger sink and region 9 to become a smaller sink. The re-
priori uncertainty matrix with off-diagonal covariances based sulting sink size is reduced in region 9, but the sink strength
on the similarity of the age factor between regions. Figure 3is still strong because of the constraint of atmospherie CO
shows two sets of the inverted G@uxes and uncertainties concentration measurements around the region in the inver-
for the 30 North America regions in 2003 using both a priori sion process. Moderate sinks in British Columbia were pre-
uncertainty matrixes. The general spatial pattern of the in-viously estimated through ecosystem modeling, and climate
ferred CQ flux over the continent is not altered much by the warming and CQ fertilization had positive effects on the
use of the forest age information, as the highest uptake arforest growth in this region (Chen et al., 2003). Based on
eas are found in the Eastern US from both inversions. Ther¢ghe same principle, in the northern USA the sink sizes are
are, however, adjustments in the distribution of sources andeduced in regions with recent disturbances or old-growth
sinks induced by the age constraint. These adjustments arferests (e.g., Region 19), or with low forest cover (e.g., Re-
not enough to overturn the general spatial pattern driven bygion 20) (Pan et al., 2011); the uptake in the southeastern
the atmospheric constraint. For example, Canada region 10JSA is strengthened in the highly managed forest regions
the forested region of Alberta, and regions 14, 15, 16, andvhere forests in predominantly productive ages could ac-
17 with middle-aged productive forests in southern Ontariotively sequester C@from the atmosphere.
and Quebec were inverted with larger carbon uptake. In con- Since we have plausible explanations for the changes re-
trast, regions 11, 12, and 13, where fire disturbances are frerealed by applying the forest stand age information to our

4 Results and discussion
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inversion results, and these changes conform to our under ©
standing of the relationship between forest stand age an
carbon balance, we examined these changes in more deta
We considered separately the physiological mechanismsthe o
could improve the modeling of the seasonal and diurnal cy-5
cle, and the demographic mechanisms that could be use
to further define the spatial distribution of carbon sinks and= _,
sources. The relevant questions are (1) whether the modele BEC-MOD [Xiao & al, 2008)
changes alter our understanding of the role of North Amer- °'* ::ﬁ?fﬁﬁfﬁﬁfﬁnﬁm
ica in the global carbon budget, and (2) how large are the
changes in the spatial distribution of the terrestrial carbon 9 70 11 12 13 14 15 16 17 18 19 0 2 2 B 24 B %6 T B
exchange over North America? Region
A pairedr test shows that considering the stand age fac-rig. 4. co, fluxes and uncertainties for 20 North America regions
tor did not significantly change the total flux of all 30 North (region 9 to 28) estimated from three different approaches: blue
American regions in 2003)(= 0.9866). It is understandable solid square — the EC-MOD method (Xiao et al., 2008), and no un-
that the total annual carbon flux for the whole region, inferredcertainty information is available; empty square — inversion method
with the stand age factor, does not change significantly fromNithout_age constraint; red solid square — inversion method with age
that inferred without considering the stand age factor in theconstraint.
US and Canada. Because the forest stand age information is
only available for North America in this application, we cen-
tralize f; by removing f; (the mean off; for all regions) in 4.2 Comparison with independent flux estimates
Eq. (6) as the age factor, to cancel the possible influences on
other regions outside of North America where forest age in-Eddy covariance flux towers provide continuous measure-
formation is not available. In a balanced global carbon cycle ments of net ecosystem carbon exchange (NEE) for vari-
this leads to an insignificant change in the annual total fluxous terrestrial ecosystems, but these measurements only rep-
for North America as shown in the pairedest. resent the carbon fluxes at the scale of the tower footprint
However, we found that the change in the spatial distribu-(about 1 knf) and areas that have very similar characteristics.
tion of the inverted fluxes is much stronger than the changerherefore, the site-specific eddy covariance measurement re-
in the annual total carbon uptake. The root-mean-square ofults are not well suited for validating estimates of regional
the differences of inverted fluxes for the 20 North American carbon fluxes. Recently, Xiao et al. (2008, 2011) used a data-
regions (from region 9 to region 28) between inversions withdriven approach to extrapolate the NEE measurements to
and without considering the forest stand age factor is calcuiarge areas using a variety of data streams from MODIS, and
lated to be 10 Tgyr!. This is 7 times the magnitude of the developed a gridded NEE dataset with high spatial (1 km)
change in annual mean fluxes, equivalent to 23 % of the meaand temporal (8-day) resolutions for temperate North Amer-
absolute flux of these 20 regions. We also note that despité&ca over the period 2000-2006. This NEE dataset was derived
being one of the most densely observed regions, the problerfrom eddy covariance (EC) and MODIS data, and is therefore
is still strongly underdetermined when the inversion is con-referred to as EC-MOD. The EC-MOD dataset covers most
ducted at a higher spatial resolution with the same set of obef the North American regions (Regions 9-30). At cropland
servations. The added value of stand age information mighsites where strong CQassimilation signals can be captured
increase as the spatial resolution increases. At higher resdsy the EC measurement but g@lease from the consump-
lutions, it would be more difficult to extract carbon source tion of the yield off-site would spread to a fairly large area
and sink information from C@ concentrations alone, and (Ciais et al., 2007; Schuh et al., 2010) that is not measured
the forest stand age should be seen as complimentary to they EC instruments, we decided to neutralize the croplands
CO», observations to reduce uncertainties in the inverse estigrids to avoid overestimation of the carbon uptake. We are
mates. However, we need to ensure that the addition of thisware that this is a drastically simple treatment of a compli-
new dataset keeps our inversion results consistent with otherzated matter, as the percentage of the export of agricultural
sources of information, and does not introduce irreconcilableproducts out of a region would influence our inversion re-
NEE estimates. Therefore, we compared them with anothesults for the region. However, for the purpose of this study,
set of independent regional estimates of NEE upscaled fronthis simple treatment provides a useful basis for our analysis
eddy covariance flux measurements that were neither used iof carbon sinks in forested areas.
the inversions nor in the construction of the stand age map. Figure 4 shows the comparison of the inverted fluxes of
North America with and without the age constraint and the
EC-MOD flux with neutral croplands of regions 9 to 28 in
2003. It is very encouraging to see that the inversion re-
sults and the EC-MOD flux show similar spatial patterns.
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Fig. 5. CO, fluxes for 20 North America regions (region 9 to 28) estimated from two inverse approaches vs. the EC-MOD method. The
inverse approaches af@) inversion without age constraint aflol) inversion with age constraint.

This figure clearly shows that the large sink regions of EC-and 25 are nearly carbon neutral, while EC-MOD flux esti-
MOD coincide with our inverted sink centers. These two es-mates indicated sources for regions 24 and 25, and a minor
timates exhibit similar magnitudes in northern regions (re-sink (0.03 Pgyr?) for region 23. These discrepancies may
gions 9-17). In the northeastern and southeastern US, howimply that the CQ concentration observations used are not
ever, EC-MOD sinks are much larger than inversion results.sufficient to constrain our inversion results for these regions,
These large discrepancies may be caused by the fact thaind it is possible that mutual compensating effects may exist
the eddy covariance measurement sites are usually located between regions 23, and 24 and 25, and between region 25
productive, undisturbed vegetation areas, and measured caand regions to the east. These hypotheses are consistent with
bon fluxes are larger than the average over the landscapghe information revealed from the a posteriori error covari-
In addition, even though MODIS data are used for the spa-ance matrix produced in our inversion calculation. We found
tial extrapolation that can capture the spatial variability to that a posteriori error for region 23 negatively correlates with
a certain extent, the carbon dynamics associated with forthose for regions 24 and 25, while regions 24 and 25 are pos-
est age are not explicitly considered in the spatial extrapoitively correlated and region 25 is negatively correlated with
lation (Xiao et al., 2008, 2011). An old forest stand, for ex- regions 26, 27, and 28.
ample, would have similar leaf area to a middle-aged stand
but have more biomass and higher autotrophic respiration. I%.3  Further remarks
other words, the EC-MOD product likely has included some
age effect with respect to aboveground productivity, and thisThe inversion approach to estimate carbon fluxes relies on
makes it worthwhile for comparison with an atmospheric in- the observations of C£concentration. The observations in-
version that implements an age constraint. tegrate information on many aspects, including both tem-

Further comparisons of our inversions with EC-MOD flux poral and spatial distributions of surface £€@xchanges.
estimates show that the inversion with age constraint is betTherefore, the source and sink problem of£fan be solved
ter correlated with EC-MOD fluxes than the inversion with- easily if we have enough highly precise €0bservations
out age constraints (Fig. 5). The age constraint increases thand a perfect atmospheric transport model. North America
R? value by 26%. The increase in slope (11%) towardsis one of the most densely observed regions, and the spa-
unity and the decrease in the intercept (4 %) of the regrestial distribution of the surface carbon exchange is better con-
sion (Fig. 5b) may indicate improvements achieved throughstrained there than over other continents where observations
using age information in the atmospheric inversion. It shouldare sparse. Though the incorporation of stand age in North
be noted that, however, this may only expose one aspect ohAmerica only slightly improves the inversion estimates of
a complicated problem. Most of the eddy flux sites may alsonet carbon flux, our study suggests that adding forest stand
be selected at an age around their peak carbon uptake. Thigye information could bring more pronounced improvements
likely preference in site selection could positively bias the to the inverse estimates of carbon fluxes over other less ob-
EC-MOD sink estimation when the forest age information is served continents. Further improvement could also be ex-
not used in the spatial extrapolation from the site measurepected if we pursue higher resolution inversions over North
ments. America (or Europe) as discussed in Sect. 4.1.

Several regions exhibited large discrepancies between our This study opens the way for further development of the
inversion results and EC-MOD fluxes. For example, our in-approach established in this paper. We used a simple func-
version results show that drought-dominated regions 23, 24tion (Eq. 4) to capture the basic relationship between NPP
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and forest stand age. Although the normalized NPP-age refurther constrained the COlux inversion for the subconti-
lationship includes the influence of temperature, other sitenental regions across North America. Our results show no
conditions, such as water availability might also have an in-fundamental changes to the aggregated spatial patterns of
fluence on the relationship. Further, it is obvious that a NEPCO; fluxes across North America when the stand age infor-
function with stand age would be a better covariate of themation is included in the inversion as the large-scale sinks
full forest carbon cycle than the NPP-age relationship usedand sources are basically driven by atmospheric constraints.
in this study. The correlations we established may only re-The use of stand age information in the inversion brings ad-
flect the dominant association among regions, and a generglistments in the distribution of the inverted fluxes among re-
NEP function needs to be developed in the future, along withgions of dissimilar forest ages representing different stand
novel ways to incorporate this relationship into the dual-datadevelopment stages. In recently disturbed or old-growth for-
inversion approach. The use of forest age information couldest regions, the inverted fluxes often move towards the source
be extended to the global land surface and to a multi-year indirection, while regions with middle-aged productive forests,
version as soon as the map covering the global land surface isspecially the highly managed southeastern US forests, were
available. In the meantime, we can examine this dual-data innudged toward larger sinks. The a posteriori uncertainties are
version approach at a finer resolution in a region where mordarge in southeastern US regardless of the inclusion of the
CO, observations and forest stand age information are botlstand age information.
available. Although the influence of forest stand age informa- The relatively high level of agreement of the spatial pat-
tion on the inverted carbon flux distribution could be large or terns between our inversions and independent carbon flux es-
small because it is complimentary information to the atmo-timates (EC-MOD) derived from eddy covariance flux mea-
spheric CQ observations, the uncertainties of the inverted surements and remotely sensed data increases our confidence
fluxes would certainly be decreased as more constraints an@ inferring the surface carbon flux through atmospheric in-
incorporated. We can, therefore, gain increased confidenceersion. The inverted spatial distribution of the carbon flux
from the dual-data inversion approach. with the forest stand age constraint is better correlated with
However, it is necessary to point out the limitations of the EC-MOD estimates than that without the age constraist (
forest age factor method. The demographic variations assancreased from 0.46 to 0.58). Considering the likely bias in-
ciated with forest disturbance and regrowth could be con-duced by preferential EC site selection, we would expect that
sidered as a low-frequency force superimposed on the phyghe EC-MOD product could be improved by using forest age
iological effects mostly determined by both short-term andinformation in the spatial extrapolation from sites to a region.
long-term variations in climate. Considering the forest ageA useful direction to pursue in future work would be to use
factor itself could help us to resolve the spatial distribution of forest age information in both top-down and bottom-up mod-
carbon sources and sinks on average, but hardly improves owling so that the spatial distribution pattern of the terrestrial
knowledge of the seasonal variation and interannual variatiorsink, especially over less observed continents, can be better
of regional carbon fluxes, which are critical for us to under- resolved, as forest stand age has first order effects on the spa-
stand the relationship between climate and the terrestrial cattial distribution of forest carbon sources and sinks.
bon cycle. Therefore, developing and improving a terrestrial
ecosystem model containing the physiological mechanisms
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The spatially explicit information on forest stand age (Panggjted by: s. Liu

et al., 2011) was used to establish the spatial correlation be-
tween regions through an a priori covariance matrix, which

Biogeosciences, 10, 5335348 2013 www.biogeosciences.net/10/5335/2013/



F. Deng et al.: The use of forest stand age information in an atmospheric C£nversion 5345

References Chen, J. M., Ju, W,, Cihlar, J., Price, D., Liu, J., Chen, W.,, Pan, J.,
Black, A., and Barr, A.: Spatial distribution of carbon sources
and sinks in Canada’s forests, Tellus B, 55, 622—641, 2003.

Amiro, B. D., Barr, A. G., Barr, J. G, Black, T. A,, Bracho, Ciais, P., Bousquet, P., Freibauer, A., and Naegler, T.: Horizon-
R., Brown, M., Chen, J., Clark, K. L., Davis, K. J., Desai, tal displacement of carbon associated with agriculture and its
A. R., Dore, S., Engel, V., Fuentes, J. D., Goldstein, A. H., impacts on atmospheric GQ Global Biogeochem. Cy., 21,
Goulden, M. L., Kolb, T. E., Lavigne, M. B., Law, B. E., GB2014, doi10.1029/2006gb002742007.

Margolis, H. A., Martin, T., McCaughey, J. H., Misson, L., Coursolle, C., Margolis, H. A., Barr, A. G., Black, T. A., Amiro,
Montes-Helu, M., Noormets, A., Randerson, J. T., Starr, G., B.D., McCaughey, J. H., Flanagan, L. B., Lafleur, P. M., Roulet,
and Xiao, J.: Ecosystem carbon dioxide fluxes after disturbance N. T., Bourque, C. P.-A., Arain, M. A., Wofsy, S. C., Dunn, A.,

in forests of North America, J. Geophys. Res., 115, GOOK02, Morgenstern, K., Orchansky, A. L., Bernier, P. Y., Chen, J. M.,
doi:10.1029/2010jg00139@010. Kidston, J., Saigusa, N., and Hedstrom, N.: Late-summer carbon

Apps, J., Bernier, P., and Bhatti, J. S.: Global Climate Change: The fluxes from Canadian forests and peatlands along an east-west
Role of Forests and Forestry in the Global Carbon Cycle, in: Cli-  continental transect, Can. J. Forest Res., 36, 783—-800, 2006.
mate Change and Managed Ecosystems, CRC Press, Taylor &eng, F. and Chen, J. M.: Recent global £fix inferred from at-
Francis Group, 175-201, 2006. mospheric CQ observations and its regional analyses, Biogeo-

Baker, D. F, Law, R. M., Gurney, K. R., Rayner, P., Peylin, P.,  sciences, 8, 3263-3281, dt.5194/bg-8-3263-2012011.
Denning, A. S., Bousquet, P., Bruhwiler, L., Chen, Y. H., Ciais, Deng, F., Chen, J. M., Plummer, S., Chen, M., and Pisek, J.: Algo-
P., Fung, I. Y., Heimann, M., John, J., Maki, T., Maksyutov,  rithm for global leaf area index retrieval using satellite imagery,
S., Masarie, K., Prather, M., Pak, B., Taguchi, S., and Zhu, |EEE T. Geosci. Remote Sens., 44, 2219-2229, 2006.

Z.. TransCom 3 inversion intercomparison: Impact of trans- Deng, F., Chen, J. M., Ishizawa, M., Yuen, C.-W., Mo, G., Higuchi,
port model errors on the interannual variability of regional K., Chan, D., and Maksyutov, S.: Global monthly €@ux in-
COp fluxes, 1988-2003, Global Biogeochem. Cy., 20, GB1002, version with a focus over North America, Tellus B, 59, 179-190,
doi:10.1029/2004GB002432006. 2007.

Bond-Lamberty, B., Wang, C., and Gower, S. T.: A global re- Denning, A. S., Fung, I. Y., and Randall, D.: Latitudinal gradient
lationship between the heterotrophic and autotrophic compo- of atmospheric CQ due to seasonal exchange with land biota,
nents of soil respiration?, Glob. Change Biol., 10, 1756-1766, Nature, 376, 240-243, 1995.
doi:10.1111/j.1365-2486.2004.008162004. Denning, A. S., Collatz, G. J., Zhang, C., Randall, D. A., Berry, J.

Bousquet, P., Peylin, P., Ciais, P., Le Quere, C., Friedlingstein, P., A., Sellers, P. J., Colell, G. D., and Dazlich, D. A.: Simulations of
and Tans, P. P.: Regional Changes in Carbon Dioxide Fluxes terrestrial carbon metabolism and atmospherio@Ca general
of Land and Oceans Since 1980, Science, 290, 1342-1346, circulation model, Tellus B, 48, 521-542, dif.1034/j.1600-
doi:10.1126/science.290.5495.132900. 0889.1996.t01-2-00009.2996a.

Bradford, J. B., Birdsey, R. A, Joyce, L. A., and Ryan, M. G.: Tree Denning, A. S., Randall, D. A., Collatz, G. J., and Sellers, P. J.: Sim-
age, disturbance history, and carbon stocks and fluxes in sub- ulations of terrestrial carbon metabolism and atmospherigi@O
alpine Rocky Mountain forests, Glob. Change Biol., 14, 2882-  a general circulation model, Tellus B, 48, 543-567, 1996b.
2897, 10.1111/j.1365-2486.2008.01686.x, 2008. Desai, A. R.: Climatic and phenological controls on coher-

Bruhwiler, L. M. P., Michalak, A. M., and Tans, P. P.: Spatial and  ent regional interannual variability of carbon dioxide flux in
temporal resolution of carbon flux estimates for 1983-2002, Bio- a heterogeneous landscape, J. Geophys. Res., 115, G00J02,
geosciences, 8, 1309-1331, d6i:5194/bg-8-1309-2012011. d0i:10.1029/2010jg001422010.

Buitenhuis, E., Le Qéré, C., Aumont, O., Beaugrand, G., Bunker, Dragoni, D., Schmid, H. P., Wayson, C. A., Potter, H., Grim-
A., Hirst, A., lkeda, T., O'Brien, T., Piontkovski, S., and Straile, mond, C. S. B., and Randolph, J. C.: Evidence of increased
D.: Biogeochemical fluxes through mesozooplankton, Global net ecosystem productivity associated with a longer vege-
Biogeochem. Cy., 20, GB2003, dbd.1029/2005gb002511 tated season in a deciduous forest in south-central Indiana,
2006. USA, Glob. Change Biol., 17, 886—897, di.1111/j.1365-

Caspersen, J. P,, Pacala, S. W., Jenkins, J. C., Hurtt, G. C., Moor- 2486.2010.02281,2011.
croft, P. R., and Birdsey, R. A.: Contributions of Land-Use His- Dunn, A. L., Barford, C. C., Wofsy, S. C., Goulden, M. L., and
tory to Carbon Accumulation in U.S. Forests, Science, 290, Daube, B. C.: A long-term record of carbon exchange in a bo-
1148-1151, dol0.1126/science.290.5494.112800. real black spruce forest: means, responses to interannual vari-

Chapin, F. S., Matson, P. A., and Mooney, H. A.: Principles of Ter-  ability, and decadal trends, Glob. Change Biol., 13, 577-590,
restrial Ecosystem Ecology, Springer-Verlag, New York, 2002. doi:10.1111/j.1365-2486.2006.012212007.

Chen, J. M., Liu, J., Cihlar, J., and Goulden, M. L.: Daily canopy Enting, I. G., Trudinger, C. M., and Francey, R. J.: A synthesis inver-
photosynthesis model through temporal and spatial scaling for sion of the concentration arsd2 C of atmospheric C§ Tellus
remote sensing applications, Ecol. Model., 124, 99-119, 1999. B, 47, 35-52, 1995.

Chen, J. M., Pavlic, G., Brown, L., Cihlar, J., Leblanc, S. G., Fan, S., Gloor, M., Mahlman, J., Pacala, S., Sarmiento, J.,
White, H. P., Hall, R. J., Peddle, D. R., King, D. J., Trofy- Takahashi, T., and Tans, P.. A Large Terrestrial Carbon
mow, J. A., Swift, E., Van der Sanden, J., and Pellikka, P. K.  Sink in North America Implied by Atmospheric and Oceanic
E.: Derivation and validation of Canada-wide coarse-resolution Carbon Dioxide Data and Models, Science, 282, 442—446,
leaf area index maps using high-resolution satellite imagery and doi:10.1126/science.282.5388.44298.
ground measurements, Remote Sens. Environ., 80, 165-184,
doi:10.1016/s0034-4257(01)003002D02.

www.biogeosciences.net/10/5335/2013/ Biogeosciences, 10, 53382013


http://dx.doi.org/10.1029/2010jg001390
http://dx.doi.org/10.1029/2004GB002439
http://dx.doi.org/10.1111/j.1365-2486.2004.00816.x
http://dx.doi.org/10.1126/science.290.5495.1342
http://dx.doi.org/10.5194/bg-8-1309-2011
http://dx.doi.org/10.1029/2005gb002511
http://dx.doi.org/10.1126/science.290.5494.1148
http://dx.doi.org/10.1016/s0034-4257(01)00300-5
http://dx.doi.org/10.1029/2006gb002741
http://dx.doi.org/10.5194/bg-8-3263-2011
http://dx.doi.org/10.1034/j.1600-0889.1996.t01-2-00009.x
http://dx.doi.org/10.1034/j.1600-0889.1996.t01-2-00009.x
http://dx.doi.org/10.1029/2010jg001423
http://dx.doi.org/10.1111/j.1365-2486.2010.02281.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02281.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01221.x
http://dx.doi.org/10.1126/science.282.5388.442

5346 F. Deng et al.: The use of forest stand age information in an atmospheric G@nversion

Flannigan, M., Amiro, B., Logan, K., Stocks, B., and Wotton, B.: FOREST SECTOR, Ecol. Appl., 9, 526-547, d6i:1890/1051-
Forest Fires and Climate Change in the 21st Century, Mitiga- 0761(1999)009[0526:ayraoc]2.0.cpi®99.
tion and Adaptation Strategies for Global Change, 11, 847—859 Law, B. E., Ryan, M. G., and Anthoni, P. M.: Seasonal and annual
doi:10.1007/s11027-005-902Q-Z006. respiration of a ponderosa pine ecosystem, Glob. Change Biol.,
GLOBALVIEW-CO2: Cooperative Atmospheric Data Integration 5, 169-182, doi0.1046/j.1365-2486.1999.002141999.
Project - Carbon Dioxide. CD-ROM, NOAA ESRL, Boulder, Law, B. E., Thornton, P. E., Irvine, J., Anthoni, P. M., and Van
Colorado, also available on Internet via anonymous FTP to Tuyl, S.: Carbon storage and fluxes in ponderosa pine forests at
ftp.cmdl.noaa.gowpath: ccg/CO2/GLOBALVIEW], 2008. different developmental stages, Glob. Change Biol., 7, 755-777,
Gurney, K. R., Law, R. M., Denning, A. S., Rayner, P. J., Baker, D., do0i:10.1046/j.1354-1013.2001.004392001.
Bousquet, P., Bruhwiler, L., Chen, Y.-H., Ciais, P., Fan, S., Fung,Law, B. E., Sun, O. J., Campbell, J., Van Tuyl, S., and Thorn-
I.Y., Gloor, M., Heimann, M., Higuchi, K. A. Z., John, J., Kowal- ton, P. E.: Changes in carbon storage and fluxes in a chronose-
czyk, E. V. A., Maki, T., Maksyutov, S., Peylin, P., Prather, M., quence of ponderosa pine, Glob. Change Biol., 9, 510-524,
Pak, B. C., Sarmiento, J., Taguchi, S., Takahashi, T., and Yuen, doi:10.1046/j.1365-2486.2003.006242003a.
C.-W.: TransCom 3 C@inversion intercomparison: 1. Annual Law, R. M., Chen, Y.-H., Gurney, K. R., and Modellers, T.:
mean control results and sensitivity to transport and prior flux TransCom 3 C@inversion intercomparison: 2. Sensitivity of an-

information, Tellus B, 55, 555-579, 2003. nual mean results to data choices, Tellus B, 55, 580-595, 2003b.
Gurney, K. R., Law, R. M., Denning, A. S., Rayner, P. J., Pak, B. Law, R. M., Peters, W., 8lenbeck, C., Aulagnier, C., Baker,
C., Baker, D., Bousquet, P., Bruhwiler, L., Chen, Y.-H., Cialis, I., Bergmann, D. J., Bousquet, P., Brandt, J., Bruhwiler, L.,

P., Fung, I. Y., Heimann, M., John, J., Maki, T., Maksyutov, S., = Cameron-Smith, P. J., Christensen, J. H., Delage, F., Den-
Peylin, P., Prather, M., and Taguchi, S.: Transcom 3 inversionin- ning, A. S., Fan, S., Geels, C., Houweling, S., Imasu, R.,
tercomparison: Model mean results for the estimation of seasonal Karstens, U., Kawa, S. R., Kleist, J., Krol, M. C., Lin, S.
carbon sources and sinks, Global Biogeochem. Cy., 18, GB1010, J., Lokupitiya, R., Maki, T., Maksyutov, S., Niwa, Y., Onishi,

doi:10.1029/2003GB002112004. R., Parazoo, N., Patra, P. K., Pieterse, G., Rivier, L., Satoh,
Gurney, K. R., Chen, Y.-H., Maki, T., Kawa, S. R., Andrews, A.,and M., Serrar, S., Taguchi, S., Takigawa, M., Vautard, R., Ver-
Zhu, Z.: Sensitivity of atmospheric CQnversions to seasonal meulen, A. T., and Zhu, Z.: TransCom model simulations of
and interannual variations in fossil fuel emissions, J. Geophys. hourly atmospheric C& Experimental overview and diurnal
Res., 110, D10308, ddi0.1029/2004JD005372005. cycle results for 2002, Global Biogeochem. Cy., 22, GB3009,

Houghton, R. A.: Balancing the Global Carbon Bud-  doi:10.1029/2007gb00305Q008.
get, Annu. Rev. Earth Pl.  Sc., 35  313-347, Le Quere, C., Rodenbeck, C., Buitenhuis, E. T., Conway,
doi:10.1146/annurev.earth.35.031306.14QC®007. T. J., Langenfelds, R., Gomez, A., Labuschagne, C., Ra-

Houweling, S., Kaminski, T., Dentener, F., Lelieveld, J.,, and monet, M., Nakazawa, T., Metzl, N., Gillett, N., and
Heimann, M.: Inverse modeling of methane sources and sinks Heimann, M.: Saturation of the Southern Ocean oC8ink
using the adjoint of a global transport model, J. Geophys. Res., Due to Recent Climate Change, Science, 316, 1735-1738,
104, 26137-26160, ddi0.1029/1999jd900428 999. doi:10.1126/science.1136183007.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Liu, S., Bond-Lamberty, B., Hicke, J. A., Vargas, R., Zhao, S., Chen,
Gandin, L., Iredell, M., Saha, S., White, G., Woollen, J., Zhu, J.,Edburg, S.L., Hu, Y., Liu, J., McGuire, A. D., Xiao, J., Keane,
Y., Leetmaa, A., Reynolds, R., Chelliah, M., Ebisuzaki, W., Hig-  R., Yuan, W., Tang, J., Luo, Y., Potter, C., and Oeding, J.: Sim-
gins, W., Janowiak, J., Mo, K. C., Ropelewski, C., Wang, J., ulating the impacts of disturbances on forest carbon cycling in
Jenne, R., and Joseph, D.: The NCEP/NCAR 40-Year Reanalysis North America: Processes, data, models, and challenges, J. Geo-
Project, B. Am. Meteor. Soc., 77, 437-471, d6i:1175/1520- phys. Res., 116, GOOKO08, dbD.1029/2010jg001582011.
0477(1996)07%#0437: TNYRP-2.0.CO;2 1996. Lovenduski, N. S., Gruber, N., and Doney, S. C.: Toward a

Kaminski, T., Heimann, M., and Giering, R.: A coarse grid three- mechanistic understanding of the decadal trends in the South-
dimensional global inverse model of the atmospheric transport ern Ocean carbon sink, Global Biogeochem. Cy., 22, GB3016,
1. Adjoint model and Jacobian matrix, J. Geophys. Res., 104, do0i:10.1029/2007gbh003132008.

18535-18553, 1999. Luyssaert, S., Janssens, I. A., Sulkava, M., Papale, D., Dolman, A.

Kaminski, T., Rayner, P. J., Heimann, M., and Enting, I. G.: Onag- J., Reichstein, M., HollfEN, J., Martin, J. G., Suni, T., Vesala, T.,
gregation errors in atmospheric transport inversions, J. Geophys. Loustau, D., Law, B. E., and Moors, E. J.: Photosynthesis drives
Res., 106, 4703-4715, 2001. anomalies in net carbon-exchange of pine forests at different lat-

Krol, M. C., Lelieveld, J., Oram, D. E., Sturrock, G. A., Penkett, itudes, Glob. Change Biol., 13, 2110-2127, 86i1111/j.1365-

S. A., Brenninkmeijer, C. A. M., Gros, V., Williams, J., and 2486.2007.01432,2007.
Scheeren, H. A.: Continuing emissions of methyl chloroform Marland, G.: Uncertainties in Accounting for G&rom Fossil Fu-
from Europe, Nature, 421, 131-135, 2003. els, J. Ind. Ecol., 12, 136-139, 2008.

Krol, M., Houweling, S., Bregman, B., van den Broek, M., Segers, Marland, G., Boden, T. A., and Andres, R. J.: Global, Regional, and
A., van Velthoven, P., Peters, W., Dentener, F., and Bergamaschi, National Fossil Fuel CQEmissions, in: Trends: A Compendium
P.: The two-way nested global chemistry-transport zoom model of Data on Global Change. Carbon Dioxide Information Analy-
TMS5: algorithm and applications, Atmos. Chem. Phys., 5, 417—  sis Center, Oak Ridge National Laboratory, US Department of

432, doi10.5194/acp-5-417-2002005. Energy, Oak Ridge, Tenn., USA, 2009.
Kurz, W. A. and Apps, M. J.: A 70-YEAR RETROSPECTIVE Michalak, A. M., Hirsch, A., Bruhwiler, L., Gurney, K. R.,
ANALYSIS OF CARBON FLUXES IN THE CANADIAN Peters, W., and Tans, P. P.. Maximum likelihood estima-

Biogeosciences, 10, 5335348 2013 www.biogeosciences.net/10/5335/2013/


http://dx.doi.org/10.1007/s11027-005-9020-7
ftp.cmdl.noaa.gov
http://dx.doi.org/10.1029/2003GB002111
http://dx.doi.org/10.1029/2004JD005373
http://dx.doi.org/10.1146/annurev.earth.35.031306.140057
http://dx.doi.org/10.1029/1999jd900428
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
http://dx.doi.org/10.5194/acp-5-417-2005
http://dx.doi.org/10.1890/1051-0761(1999)009[0526:ayraoc]2.0.co;2
http://dx.doi.org/10.1890/1051-0761(1999)009[0526:ayraoc]2.0.co;2
http://dx.doi.org/10.1046/j.1365-2486.1999.00214.x
http://dx.doi.org/10.1046/j.1354-1013.2001.00439.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00624.x
http://dx.doi.org/10.1029/2007gb003050
http://dx.doi.org/10.1126/science.1136188
http://dx.doi.org/10.1029/2010jg001585
http://dx.doi.org/10.1029/2007gb003139
http://dx.doi.org/10.1111/j.1365-2486.2007.01432.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01432.x

F. Deng et al.: The use of forest stand age information in an atmospheric C£nversion 5347

tion of covariance parameters for Bayesian atmospheric trac&Rayner, P. J., Enting, I. G., Francey, R. J., and Langenfelds, R.:
gas surface flux inversions, J. Geophys. Res., 110, D24107, Reconstructing the recent carbon cycle from atmospherig, CO
doi:10.1029/2005jd00597@005. §13c and Q/N» observations, Tellus B, 51, 213-232, 1999.
Olivier, J. G. J., Van Aardenne, J. A., Dentener, F. J., Pagliari, V.,Richardson, A. D., Hollinger, D. Y., Aber, J. D., Ollinger, S. V., and
Ganzeveld, L. N., and Peters, J. A. H. W.: Recent trends in global Braswell, B. H.: Environmental variation is directly responsible
greenhouse gas emissions:regional trends 1970-2000 and spatial for short- but not long-term variation in forest-atmosphere carbon
distributionof key sources in 2000, Environ. Sci., 2, 81-99, 2005. exchange, Glob. Change Biol., 13, 788-803,H®i1111/j.1365-
Pan, Y., Chen, J. M., Birdsey, R., McCullough, K., He, L., and  2486.2007.01330,2007.
Deng, F.: Age structure and disturbance legacy of North Ameri- Rédenbeck, C., Houweling, S., Gloor, M., and Heimann, M.:2CO
can forests, Biogeosciences, 8, 715-732,1d05194/bg-8-715- flux history 1982—2001 inferred from atmospheric data using a
2011 2011. global inversion of atmospheric transport, Atmos. Chem. Phys.,
Patra, P. K., Maksyutov, S., Ishizawa, M., Nakazawa, T., Takahashi, 3, 1919-1964, dal:0.5194/acp-3-1919-2003003.
T., and Ukita, J.: Interannual and decadal changes in the sea-alRodgers, K. B., Sarmiento, J. L., Aumont, O., Crevoisier, C., de
CO», flux from atmospheric C@inverse modeling, Global Bio- Boyer Monggut, C., and Metzl, N.: A wintertime uptake window
geochem. Cy., 19, GB4013, 2005. for anthropogenic C®in the North Pacific, Global Biogeochem.
Patra, P. K., Law, R. M., Peters, W. 0Benbeck, C., Takigawa, Cy., 22, GB2020, doi:0.1029/2006gb00292Q008.
M., Aulagnier, C., Baker, I., Bergmann, D. J., Bousquet, P., Schuh, A. E., Denning, A. S., Uliasz, M., and Corbin, K. D.: Seeing
Brandt, J., Bruhwiler, L., Cameron-Smith, P. J., Christensen, the forest through the trees: Recovering large-scale carbon flux
J. H., Delage, F., Denning, A. S., Fan, S., Geels, C., Houwel- biases in the midst of small-scale variability, J. Geophys. Res.,
ing, S., Imasu, R., Karstens, U., Kawa, S. R., Kleist, J., 114, G03007, doi:0.1029/2008jg000842009.
Krol, M. C., Lin, S. J., Lokupitiya, R., Maki, T., Maksyu- Schuh, A. E., Denning, A. S., Corbin, K. D., Baker, I. T., Uliasz,
tov, S., Niwa, Y., Onishi, R., Parazoo, N., Pieterse, G., Riv- M., Parazoo, N., Andrews, A. E., and Worthy, D. E. J.: A re-
ier, L., Satoh, M., Serrar, S., Taguchi, S., Vautard, R., Ver- gional high-resolution carbon flux inversion of North America
meulen, A. T., and Zhu, Z.: TransCom model simulations of  for 2004, Biogeosciences, 7, 1625-1644, #0i5194/bg-7-1625-
hourly atmospheric C& Analysis of synoptic-scale variations 201Q 2010.
for the period 2002—2003, Global Biogeochem. Cy., 22, GB4013,Schulze, E.-D., Wirth, C., and Heimann, M.: CLIMATE CHANGE:
doi:10.1029/2007gb003082008. Managing Forests After Kyoto, Science, 289, 2058-2059,
Peters, W., Krol, M. C., Dlugokencky, E. J., Dentener, F. J., do0i:10.1126/science.289.5487.202800.
Bergamaschi, P., Dutton, G., Velthoven, P. v., Miller, J. B., Tarantola, A.: Inverse Problem Theory, Elsevier, Amsterdam, the
Bruhwiler, L., and Tans, P. P.: Toward regional-scale model- Netherlands, 605 pp., 1987.
ing using the two-way nested global model TM5: Characteri- Thornton, P. E., Law, B. E., Gholz, H. L., Clark, K. L., Falge, E.,
zation of transport using SF6, J. Geophys. Res., 109, D19314, Ellsworth, D. S., Goldstein, A. H., Monson, R. K., Hollinger, D.,
doi:10.1029/2004jd00502@004. Falk, M., Chen, J., and Sparks, J. P.: Modeling and measuring the
Peters, W., Miller, J. B., Whitaker, J., Denning, A. S., Hirsch, A.,  effects of disturbance history and climate on carbon and water
Krol, M. C., Zupanski, D., Bruhwiler, L., and Tans, P. P..: Anen-  budgets in evergreen needleleaf forests, Agr. Forest Meteorol.,

semble data assimilation system to estimate G@rface fluxes 113, 185-222, do10.1016/s0168-1923(02)00108ZD02.
from atmospheric trace gas observations, J. Geophys. Res., 110urner, D. P., Koerper, G. J., Harmon, M. E., and Lee, J. J.: A Car-
D24304, doi10.1029/2005jd006152005. bon Budget for Forests of the Conterminous United States, Ecol.

Peters, W., Jacobson, A. R., Sweeney, C., Andrews, A. E., Con- Appl., 5, 421-436, doi:0.2307/19420331L995.
way, T. J., Masarie, K., Miller, J. B., Bruhwiler, L. M. P.gRon, van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J.,
G., Hirsch, A. ., Worthy, D. E. J., van der Werf, G. R., Ran- Kasibhatla, P. S., and Arellano Jr., A. F.: Interannual variabil-
derson, J. T., Wennberg, P. O., Krol, M. C., and Tans, P. P.: An ity in global biomass burning emissions from 1997 to 2004, At-
atmospheric perspective on North American carbon dioxide ex- mos. Chem. Phys., 6, 3423-3441, d6i5194/acp-6-3423-2006
change: CarbonTracker, P. Natl. Acad. Sci. USA, 104, 18925— 2006.

18930, doi10.1073/pnas.07089861,02007. van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J., Mu,

Peylin, P., Bousquet, P.,, Le @#, C., Sitch, S., Friedling- M., Kasibhatla, P. S., Morton, D. C., DeFries, R. S., Jin, Y., and
stein, P., McKinley, G., Gruber, N., Rayner, P.,, and Ciais, vanLeeuwen, T. T.: Global fire emissions and the contribution of
P.: Multiple constraints on regional GOflux variations over deforestation, savanna, forest, agricultural, and peat fires (1997—
land and oceans, Global Biogeochem. Cy., 19, GB1011, 2009), Atmos.Chem. Phys., 10,11707-11735,1db5194/acp-
doi:10.1029/2003GB002212005. 10-11707-20102010.

Pregitzer, K. S. and Euskirchen, E. S.: Carbon cycling and storage iWetzel, P., Winguth, A., and Maier-Reimer, E.: Sea-to-ainbGOx
world forests: biome patterns related to forest age, Glob. Change from 1948 to 2003: A model study, Global Biogeochem. Cy., 19,
Biol., 10, 20522077, ddi0.1111/j.1365-2486.2004.00866.x GB2005, doi10.1029/2004gb002332005.

2004. Xiao, J., Zhuang, Q., Baldocchi, D. D., Law, B. E., Richardson, A.

Randerson, J. T., van der Werf, G. R., Giglio, L., Collatz, G. J., D., Chen, J., Oren, R, Starr, G., Noormets, A., Ma, S., Verma, S.
and Kasibhatla, P. S.: Global Fire Emissions Database, Version B., Wharton, S., Wofsy, S. C., Bolstad, P. V., Burns, S. P., Cook,

2 (GFEDv2.1). Data set, available attp://daac.ornl.govirom D. R., Curtis, P. S., Drake, B. G., Falk, M., Fischer, M. L., Fos-
Oak Ridge National Laboratory Distributed Active Archive Cen-  ter, D. R., Gu, L., Hadley, J. L., Hollinger, D. VY., Katul, G. G.,
ter, Oak Ridge, Tennessee, USA , 2007. Litvak, M., Martin, T. A., Matamala, R., McNulty, S., Meyers,

www.biogeosciences.net/10/5335/2013/ Biogeosciences, 10, 53382013


http://dx.doi.org/10.1029/2005jd005970
http://dx.doi.org/10.5194/bg-8-715-2011
http://dx.doi.org/10.5194/bg-8-715-2011
http://dx.doi.org/10.1029/2007gb003081
http://dx.doi.org/10.1029/2004jd005020
http://dx.doi.org/10.1029/2005jd006157
http://dx.doi.org/10.1073/pnas.0708986104
http://dx.doi.org/10.1029/2003GB002214
http://dx.doi.org/10.1111/j.1365-2486.2004.00866.x
http://daac.ornl.gov/
http://dx.doi.org/10.1111/j.1365-2486.2007.01330.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01330.x
http://dx.doi.org/10.5194/acp-3-1919-2003
http://dx.doi.org/10.1029/2006gb002920
http://dx.doi.org/10.1029/2008jg000842
http://dx.doi.org/10.5194/bg-7-1625-2010
http://dx.doi.org/10.5194/bg-7-1625-2010
http://dx.doi.org/10.1126/science.289.5487.2058
http://dx.doi.org/10.1016/s0168-1923(02)00108-9
http://dx.doi.org/10.2307/1942033
http://dx.doi.org/10.5194/acp-6-3423-2006
http://dx.doi.org/10.5194/acp-10-11707-2010
http://dx.doi.org/10.5194/acp-10-11707-2010
http://dx.doi.org/10.1029/2004gb002339

5348 F. Deng et al.: The use of forest stand age information in an atmospheric G@nversion

T. P, Monson, R. K., Munger, J. W,, Oechel, W. C., Paw U, K. Zha, T., Barr, A. G., Black, T. A., McCaughey, J. H., Bhatti, J.,
T., Schmid, H. P, Scott, R. L., Sun, G., Suyker, A. E., and Torn, Hawthorne, I., Krishnan, P., Kidston, J., Saigusa, N., Shashkov,
M. S.: Estimation of net ecosystem carbon exchange for the con- A., and Nesic, Z.: Carbon sequestration in boreal jack pine
terminous United States by combining MODIS and AmeriFlux  stands following harvesting, Glob. Change Biol., 15, 1475-1487,
data, Agr. Forest Meteorol., 148, 1827-1847, 2008. d0i:10.1111/j.1365-2486.2008.018172009.

Xiao, J., Zhuang, Q., Law, B. E., Baldocchi, D. D., Chen, J., Zupanski, D., Denning, A. S., Uliasz, M., Zupanski, M., Schuh,
Richardson, A. D., Melillo, J. M., Davis, K. J., Hollinger, D. A. E., Rayner, P. J., Peters, W., and Corbin, K. D.: Car-
Y., Wharton, S., Oren, R., Noormets, A., Fischer, M. L., Verma, bon flux bias estimation employing Maximum Likelihood
S. B,, Cook, D. R., Sun, G., McNulty, S., Wofsy, S. C., Bol- Ensemble Filter (MLEF), J. Geophys. Res., 112, D17107,
stad, P. V., Burns, S. P, Curtis, P. S., Drake, B. G., Falk, M., doi:10.1029/2006jd008372007.

Foster, D. R., Gu, L., Hadley, J. L., Katul, G. G., Litvak, M.,
Ma, S., Martin, T. A., Matamala, R., Meyers, T. P., Monson,
R. K., Munger, J. W., Oechel, W. C., Paw, U. K. T., Schmid,
H. P., Scott, R. L., Starr, G., Suyker, A. E., and Torn, M. S.:
Assessing net ecosystem carbon exchange of U.S. terrestrial
ecosystems by integrating eddy covariance flux measurements
and satellite observations, Agr. Forest Meteorol., 151, 60-69,
doi:10.1016/j.agrformet.2010.09.002011.

Biogeosciences, 10, 5335348 2013 www.biogeosciences.net/10/5335/2013/


http://dx.doi.org/10.1016/j.agrformet.2010.09.002
http://dx.doi.org/10.1111/j.1365-2486.2008.01817.x
http://dx.doi.org/10.1029/2006jd008371

