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Abstract

Diagnostic carbon cycle models produce estimates of net ecosystem production (NEP, the balance of net primary pro-

duction and heterotrophic respiration) by integrating information from (i) satellite-based observations of land surface

vegetation characteristics; (ii) distributed meteorological data; and (iii) eddy covariance flux tower observations of

net ecosystem exchange (NEE) (used in model parameterization). However, a full bottom-up accounting of NEE (the

vertical carbon flux) that is suitable for integration with atmosphere-based inversion modeling also includes emis-

sions from decomposition/respiration of harvested forest and agricultural products, CO2 evasion from streams and

rivers, and biomass burning. Here, we produce a daily time step NEE for North America for the year 2004 that

includes NEP as well as the additional emissions. This NEE product was run in the forward mode through the Car-

bonTracker inversion setup to evaluate its consistency with CO2 concentration observations. The year 2004 was clima-

tologically favorable for NEP over North America and the continental total was estimated at 1730 � 370 TgC yr�1 (a

carbon sink). Harvested product emissions (316 � 80 TgC yr�1), river/stream evasion (158 � 50 TgC yr�1), and fire

emissions (142 � 45 TgC yr�1) counteracted a large proportion (35%) of the NEP sink. Geographic areas with strong

carbon sinks included Midwest US croplands, and forested regions of the Northeast, Southeast, and Pacific North-

west. The forward mode run with CarbonTracker produced good agreement between observed and simulated win-

tertime CO2 concentrations aggregated over eight measurement sites around North America, but overestimates of

summertime concentrations that suggested an underestimation of summertime carbon uptake. As terrestrial NEP is

the dominant offset to fossil fuel emission over North America, a good understanding of its spatial and temporal vari-

ation – as well as the fate of the carbon it sequesters ─ is needed for a comprehensive view of the carbon cycle.
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Introduction

Despite strong interest in quantifying North American

terrestrial carbon flux in relation to its capacity to offset

fossil fuel emissions, there remains considerable uncer-

tainty about its magnitude (Gourdji et al., 2012; King

et al., 2012). Net ecosystem exchange (NEE) of carbon

dioxide has been estimated at the regional to continen-

tal scale based on ‘bottom-up’ approaches that rely on

inventory studies or spatially distributed ecosystem

process models (Hayes et al., 2012; Huntzinger et al.,

2012). Alternatively, ‘top-down’ approaches are applied

based on inversions built around atmospheric transport

models and observations of atmospheric CO2 concen-

tration (Ciais et al., 2010). Recently, there has been a

great deal of emphasis on flux intercomparison studies

that juxtapose results from different scaling approaches

(Deng & Chen, 2011; Gourdji et al., 2012; Schuh et al.,

2013). However, there are also possibilities for integrat-

ing these approaches.

The transport model used in an inversion can poten-

tially be run in the direct ‘forward’ mode to evaluate

the realism of bottom-up fluxes. In a forward mode

simulation, atmospheric CO2 distributions resulting

from modeled fluxes are compared with available

observations. In this configuration, surface fluxes are

left unmodified by the estimation scheme of the inverse

model. The sign and magnitude of the observation

residual errors then give an indication of potential error
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in the flux estimates. A full inversion � with the same

or an independent ‘prior’ land flux – translates observa-

tion residuals into modifications to surface fluxes and

this process provides additional information from the

CO2 concentration observations. Here, we take this for-

ward mode approach to evaluate a bottom-up NEE flux

estimate for North America that includes component

fluxes not previously treated in an inversion frame-

work.

Net ecosystem exchange is the most relevant flux

term to use in the context of integrating bottom-up and

top-down scaling approaches because NEE is what an

atmospheric inversion ‘sees’. The term refers specifi-

cally to the vertical flux of CO2 over a specified area

and interval (Chapin et al., 2006). By the convention of

atmospheric scientists, a positive sign on a flux estimate

is a transfer of carbon into the atmosphere. At the eco-

system scale, NEE consists primarily of NEP, the bal-

ance of net primary production and heterotrophic

respiration (here the convention among ecologists is

that a positive sign indicates transfer of carbon into the

ecosystem). However, at the regional scale additional

components of NEE include emissions associated with

wildfire, respiration of harvested forest and agriculture

products, and CO2 evasion from water bodies (Hayes &

Turner, 2012).

Studies at eddy covariance (EC) tower sites suggest

that the range of NEP (i.e., �NEE) across all ecosystems

is on the order of 800 to �200 gC m�2 yr�1 (Yi et al.,

2010). Its magnitude is impacted by environmental gra-

dients (Yi et al., 2010), interannual variation in climate

(e.g., Reichstein et al., 2007), and the disturbance regime

(Luyssaert et al., 2007; Amiro et al., 2010). Croplands

are expected to be NEP sinks because much of the net

primary production is removed with the harvest and

only crop residues are left to generate heterotrophic res-

piration (Gilmanov et al., 2013). Young forests are typi-

cally also large carbon sinks, whereas old forests are

more nearly carbon neutral and recently disturbed for-

ests can be carbon sources (Amiro et al., 2010; Coursolle

et al., 2012). The possibilities for simulating NEP over

large domains have improved in the last decade by

development of satellite-based datasets for mapping

land cover and monitoring vegetation greenness (Jus-

tice et al. 2002), as well as expansion of the network of

EC flux towers capable of continuously monitoring

carbon flux (Baldocchi et al., 2001). However, there is

general recognition that heterotrophic respiration is

often underestimated in forests when upscaling tower

fluxes because of limited information about the distur-

bance regime (Jung et al., 2011). In this study, we simu-

late NEP by upscaling EC tower observations, but

include forest stand age in our NEP algorithm to better

account for past disturbance.

The source of CO2 from biomass burning includes

both wildfire (French et al., 2011) and crop residues

(McCarty et al. 2009). For the purposes of developing a

daily emissions estimate at the continental scale, active

fire area is monitored by remote sensing (Giglio et al.

2009) and emissions are estimated based on biomass

and combustion factors. Biomass is commonly simu-

lated with a process-based productivity model (Van

der Werf et al., 2006). The degree to which the carbon

source from biomass burning offsets NEP carbon sinks

is relatively low in most temperate forest areas (e.g.,

Turner et al. 2007), but may balance NEP over large

areas of boreal forest (Bond-Lamberty et al., 2007;

Hayes et al., 2011).

Evasion of CO2 from rivers and streams is increas-

ingly recognized as an important component of NEE

(Cole et al., 2007; Luyssaert et al., 2012), but has not

generally been included in spatially explicit bottom-up

NEE scaling efforts. The source of the CO2 in first-order

streams is predominantly inorganic and organic carbon

swept out of the soil in the soil solution, whereas in

large rivers it is predominantly respiration of allochtho-

nous organic matter (Butman & Raymond, 2011). When

NEP is based on upscaled tower fluxes, the dissolved

inorganic carbon and organic carbon that is carried to

streams in the soil solution (along with the organic par-

ticulate matter deposited to the water surface) has for

the most part been ‘seen’ going into the ecosystem

when EC-based NEE was measured. Such would also

be the case for the small proportion of river/stream

evasion (ca. 10%, Ciais et al., 2008) that originates in the

process of mineral weathering and is likewise carried

in the soil solution. Therefore, at the regional scale,

river evasion should be added to upscaled tower fluxes

to get total NEE.

The carbon source from harvested forest and crop

products is also beginning to be included in regional

carbon budgets (Ciais et al., 2008), but generally not in

a spatially explicit manner. The crop harvests are

exported internationally or consumed by humans and

livestock, and emitted over the course of the following

year. The forest harvests are returned to the atmo-

sphere at varying rates in the form of direct emissions

during wood processing and slower release from land-

fills after product disposal (Heath et al., 2011). For

North America, we now have the opportunity to

include this flux in a spatially explicit form. Hayes et al.

(2012) collected crop and forest inventory data for Can-

ada, the United States, and Mexico and assembled the

harvested product source data in a spatially distributed

format.

In this study, NEP was simulated by upscaling car-

bon fluxes from EC flux towers (King et al., 2012), fire

carbon sources were based on remote sensing and
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ecosystem modeling (Van der Werf et al., 2006), har-

vested product sources were derived from inventory

data (Hayes et al., 2012), and evasion of CO2 from aqua-

tic bodies was estimated by an empirical relationship

between observed fluxes and precipitation (Butman &

Raymond, 2011). This NEE was run in the forward

mode through the CarbonTracker inversion setup

(Peters et al., 2007, http://carbontracker.noaa.gov)

using the TM5 atmospheric transport model, and resid-

ual errors in predicted CO2 concentration were exam-

ined. The spatial and temporal patterns in NEE from

the bottom-up approach and a full CarbonTracker

inversion with an independent prior flux were also

compared. Our approach permitted a more highly dis-

aggregated diagnosis of the absolute land flux over

North America than has been previously achieved,

along with its evaluation in an aggregate form.

Our NEE scaling and evaluation approach makes use

of five extensive observational datasets: (i) a network of

meteorological stations for development of spatially

distributed climate to drive a bottom-up NEP model

(Nemani et al. 2009); (ii) measurements of vegetation

status from satellite-borne sensors to drive the bottom-

up NEP model and detect burned area (Justice et al.

2002); (iii) measurements of ecosystem-level carbon

fluxes from the global network of EC flux towers to

parameterize the NEP model (Baldocchi et al., 2001);

(iv) measurements of atmospheric CO2 concentration as

reference data in the inversion setup (Conway et al.,

1994); and (v) measurements of carbon stocks and flux

at networks of field plots associated with national-level

forest and crop inventories to estimate harvested prod-

ucts emissions and to map forest stand age (Pan et al.

2011; Hayes et al., 2012). The impediments to integrated

use of these data include definitional differences

between disciplines, incompatible spatial and temporal

scales between top-down and bottom-up modelers, and

inconsistencies among driver datasets (Hayes & Turner,

2012; Huntzinger et al., 2012). The benefits lie in

improved constraints on the net flux estimates and bet-

ter understanding of the component fluxes (Running

et al., 1999; Turner et al., 2011a).

Materials and methods

Overview

Daily fluxes for 2004 were assembled for each of the four NEE

components. These data were spatially aggregated to the one

degree resolution of CarbonTracker, and subsequently tempo-

rally disaggregated to its 3 hourly time step. The fluxes were

then run in the forward mode through CarbonTracker, with

fossil fuel emissions and CO2 boundary conditions for North

America provided by the standard CarbonTracker setup. The

residuals between observed and simulated CO2 concentration

(mixing ratio) at eight observation sites in North America

were used to evaluate the bottom-up NEE simulations.

Scaling net ecosystem production

The CFLUX diagnostic carbon cycle model (Turner et al., 2006)

was run in a spatially distributed mode to simulate NEP

(Fig. 1). The model algorithms and evaluation are described in

detail elsewhere (Turner et al., 2006, 2009; King et al., 2011).

The model uses a daily time step, and for this study was

applied at the 1 km spatial resolution. Gross primary produc-

tion (GPP) is estimated with a light use efficiency (LUE)

approach in which GPP is the product of absorbed photosyn-

thetically active radiation (APAR) and an estimate of LUE

(gC MJ�1). APAR is derived from incoming PAR and the frac-

tion of PAR absorbed by the vegetation canopy (FPAR). The

LUE is estimated based on a plant functional type (PFT)-spe-

cific clear-sky LUE (from EC flux tower observations), which

is upregulated by a cloudiness index and downregulated by

scalars for minimum temperature, vapor pressure deficit

(VPD), soil moisture, and stand age (in the case of forests).

Autotrophic respiration is a PFT-specific proportion of GPP.

Heterotrophic respiration (Rh) is a function of a base rate and

scalars for soil temperature (Lloyd and Taylor 1994), soil mois-

ture, FPAR, and stand age (in the case of forests). The model

maintains a simple soil water balance by reference to a PFT-

specific water use efficiency parameter (mm H2O per gC of

GPP).

The daily meteorological inputs (PAR, minimum tempera-

ture, maximum temperature, VPD, and precipitation) for the

NEP model were from interpolated meteorological station

data at the 8 km spatial resolution (Wang et al., 2010). Soil

water holding capacity (WHC) was prescribed by PFT based

on representative values at flux tower sites (King et al., 2011).

This approach was taken after running the analysis with a

Fig. 1 Bottom-up net ecosystem production (NEP) modeling

approach.
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distributed WHC dataset Global Soil Data Task Group

(GSDTG, 2000) and finding significant grassland areas which

ran out of water in the simulation, but showed no influence of

drought in their FPAR. PFT (Fig. 2a) was from the standard

Collection 5 MODIS product (Friedl et al., 2010; LP DAAC,

2012) and climate zones from aggregations of the Omernik

(1987) ecozones (Fig. 2b). The FPAR was likewise derived

from the Collection 5 MODIS product (Myneni et al., 2002; LP

DAAC, 2012) with gap filling using the algorithm of Zhao

et al. (2005). Forest stand age (Fig. 4b) was from the 1 km reso-

lution product of Pan et al. (2011). That product included only

Canada and the US, so approximations (50–100 years) were

made for the various forest types in Mexico. Irrigated areas

(Fig. 3b) were from GSDTG (2000).

The CFLUX parameter optimization procedure for North

America is described in King et al. (2011). For each combina-

tion of PFT (n = 7) and climate zone (n = 3) that included a

substantial area, observations of gross ecosystem exchange

GEE (�GPP) and NEE from one or more EC flux tower sites

having the same PFT and climate zone were obtained from

AmeriFlux (2013) or directly from the tower operator. In the

case of temperate grasslands, we added an additional north-

ern and southern region breakout because of the extreme tem-

perature range associated with that PFT/climate zone

combination. The final grassland parameters were also

adjusted such that the total 2004 NEP for the Great Plains

approximated the comparable estimate from the detailed

study by Zhang et al. (2011). We used the same distributed cli-

mate and FPAR data in the optimizations that was later used

in the spatial mode run of the model.

The cost function in the optimizations was the root mean

square error (RMSE) for the observed GPP and NEP fluxes at

the daily time step (Moore & McCabe, 2006). Optimized

parameters included (i) the minimum and maximum

temperature and minimum and maximum VPD that con-

trolled the temperature and VPD scalars in the GPP algorithm;

(ii) the maximum LUE; (iii) the base rate of Rh; (iv) a parame-

ter that controlled the sensitivity of Rh to soil temperature;

and (v) a parameter that set a minimum for the FPAR scalar

outside the growing season (Turner et al., 2006, 2009; King

et al., 2011). A minimum estimate for the effect of model error

on the uncertainty of the total annual NEP reported here for

NA was calculated as product of the RMSE for annual NEP

across all EC tower sites used in the parameter optimization

exercise of King et al. (2011) and the vegetated area of North

America. Evaluating additional uncertainties associated with

model structure, distributed model inputs (notably climate,

FPAR, and stand age), and the EC flux measurements used as

reference observations in the parameter optimizations was

beyond the scope of this study.

Additional CO2 Sources

Fire emissions. Daily emissions from biomass burning were

from Van der Werf et al. (2006). Fire extent in that study was

from the MODIS Active Fire and MODIS Burned area prod-

ucts. Fuel loads were from the CASA ecosystem process

model run in a spatially distributed mode, and emission fac-

tors (proportion of fuel burned) were from the literature. This

fire emissions database (CASA-GFED3) is the same as is used

in the standard CarbonTracker inversion (CT2011, 2011).

River/stream evasion. Butman & Raymond (2011) estimated

river/stream evasion over North America based on measure-

ments of temperature, alkalinity, and pH along with high-

resolution data on morphology and surface area of waterways.

Aggregation of their data to the regional scale resulted in a

(a) (b)

Fig. 2 The study domain: (a) plant functional types, (b) climate zones. ENF, evergreen needle leaf forest; EBF, evergreen broadleaf for-

est; DNF, deciduous needle leaf forest; DBF, deciduous broadleaf forest.

(a) (b)

Fig. 3 Land surface characteristics: (a) forest stand age, (b) irrigation status.
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strong linear relationship of annual precipitation to annual

river/stream evasion. We used that linear relationship and

our annual precipitation (8 km resolution) to map annual eva-

sion emissions. To partition the annual data to the daily time

step, all days with soil temperature ≤0 °C were flagged. The

annual total was then partitioned among the remaining days

based on their daily precipitation.

Harvested products. In Hayes et al. (2012), an inventory

approach was used to estimate annual emissions from har-

vested wood products and crops. These fluxes were spatially

resolved to the level of political units such as states or prov-

inces. For our daily flux at 1 km, the polygon maps based on

data from Hayes et al. (2012) were resampled to 1 km resolu-

tion and linearly interpolated over the course of the year.

Product emissions data were not available for Mexico.

The CarbonTracker setup

CarbonTracker release version 2011_oi (Fig. 4, henceforth

CT2011, 2011) is updated from Peters et al. (2007) as described

at the CarbonTracker web site (http://carbontracker.noaa.

gov/CT2011). Here, we used the forward mode to predict

CO2 concentrations for comparison with observations. Car-

bonTracker employs the TM5 transport model and operates at

the spatial resolution of 1 degree over North America using 3

hourly meteorological fields from the European Centre for

Medium-range Weather Forecasts (ECMWF) operational

weather prediction model. We aggregated our daily land

fluxes to the 1 degree resolution by spatial averaging. They

were then disaggregated temporally to the 3 h time step (Ol-

sen & Randerson, 2004): daily GPP was distributed over the

daylight hours based on proportionality to the modeled short-

wave radiation, and daily ecosystem respiration (+ product

and river/stream evasion sources) was distributed over the

day by assuming that it is proportional to the Q10 computed

from near-surface air temperature.

The CO2 boundary conditions for North America as well as

the global fossil fuel emissions and fire emissions were from

the CT2011, 2011_oi product, with the CASA-GFED3 carbon

cycle process model providing the prior land flux. The Carbon

Tracker inversion uses a global network of CO2 observational

datasets in its cost function. For the purposes of evaluating our

bottom-up NEE, we examined the CO2 concentration residuals

at a set of eight sites in the CarbonTracker network that were

likely to be impacted by the North America fluxes (Fig. 5). Spe-

cifics on site characteristics, CO2 measurement protocols, and

uncertainty assessment are given in Andrews et al. (2013). The

reference concentrations were means over the 12:00 to 16:00

period of local time. For comparison, we also examined the

same residuals from a forward mode run using one of the

alternate CarbonTracker priors (CASA-GFED3EVI, CT2011,

2011). In addition, we overlaid in space and time our annual

bottom-up NEE and the posterior NEE from the standard Car-

bonTracker inversion ensemble. Inversion uncertainty was

specified based on runs with eight different transport models.

Additional uncertainties, e.g., associated with CO2 measure-

ments and alternative priors, are not treated here.

Results

Net ecosystem production

Total NEP for North America in 2004 was estimated at

1730 TgC yr�1 using our diagnostic modeling approach

(Fig. 6a). Uncertainty in the annual total NEP associ-

ated with the model and its parameters is estimated at

370 TgC yr�1. As noted, additional uncertainty not

quantified here is associated with representativeness of

the EC tower optimization sites (King et al., 2011), EC

tower flux measurements themselves (Moffat et al.,

2007), the meteorological driving data (Wang et al.,

2010), and the FPAR driving data (Turner et al., 2005).

The largest contributors to the total NEP (i.e., sinks of

over 100 TgC yr�1) were from the temperate crop and

temperate broadleaf forest vegetation classes (Table 1).

Both had high mean sink rates and large areas. Temper-

ate evergreen needle leaf forest (ENF) and boreal decid-

uous broadleaf forest (DBF) had moderate mean NEPs

and lower areas, but nevertheless each generated a sink

Fig. 4 Top-down net ecosystem exchange (NEE) modeling approach. NEE is the sum of land biologically driven flux and fire emis-

sions.
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greater than 70 TgC yr�1. Boreal ENFs were a signifi-

cant sink, driven more by a large area than a high mean

uptake. Temperate and boreal shrubs likewise had

large areas, but low mean NEP. Tropical croplands had

the highest mean sink but a relatively small area. Tem-

perate grasslands in sum were a sink of over

100 TgC yr�1, mostly because of a large area. There

were limited source areas in grasslands of the southern

Great Plains, in regions of extreme heat or cold, and in

dispersed grid cells of very young forests.
Fig. 5 Sites used to evaluate CO2 prediction errors. Site acro-

nyms as in CT2011 (2011).

(a) (b)

(c) (d)

Fig. 6 Bottom-up fluxes: (a) net ecosystem production (NEP), (b) river/stream evasion, (c) product sources, (d) fire.

Table 1 CFLUX Net Ecosystem Production (NEP) by plant functional type/climate zone combination

Climate Zone PFT* Area (km2) Mean NEP (gC m�2 yr�1) Total NEP (TgC yr�1)

Temperate DBF 1 239 791 297 461

Temperate Crop

Broadleaf

1 240 330 249 295

Temperate Crop

Cereal

1 272 356 164 185

Temperate ENF 1 163 391 139 181

Boreal ENF 2 077 204 47 120

Temperate Grass 2 867 188 42 123

Boreal DBF 645 547 135 90

Temperate Shrub 2 206 077 36 80

Tropical Crop

Broadleaf

78 001 413 38

Boreal Shrub 1 501 020 16 26

All other 4 749 511 4 131

TOTAL 19 040 416 1730

DBF, deciduous broadleaf forest; ENF, evergreen needle leaf forest.

*Plant functional type (PFT) designations as in Fig. 2a.
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Stand age was a significant influence on NEP at all

scales. In the forests of the Southeast US, which are lar-

gely managed for wood production, the mean stand

age over the states of Louisiana, Alabama, Mississippi,

and Georgia was 42 years, and the mean NEP was

263 gC m�2 yr�1. Much of the DBF in the Northeastern

US. is recovering from use as marginal agriculture (Ful-

ler et al. 1998), hence the mean stand age in forestland

of the state of Massachusetts was relatively young

(89 years) and the mean NEP was 284 gC m�2 yr�1. In

a sensitivity test in which stand age was fixed at ages of

25, 100, or 250 years over the entire range of forests in

North America, our summed NEPs for 2004 were 2165,

1660, and 1011 TgC yr�1, respectively.

Additional CO2 sources

Harvested products. The total product source was

316 TgC yr�1, with a spatial distribution largely follow-

ing the distribution of livestock and people (Fig. 6c).

Highest source areas were thus in large cities, in the

Great Plains of the US, and in southern California. The

linear features in the flux map are the result of geopolit-

ical boundaries associated with the reporting units for

agricultural products. Uncertainty on the estimate for

harvested product emissions for NA is on the order of

80 TgC yr�1 (Hayes et al., 2012).

River/stream evasion. The total river/stream evasion

source for 2004 was 158 TgC yr�1, with an uncertainty

estimate on the order of 49 TgC yr�1 based on the

uncertainty analysis of Butman & Raymond (2011). The

highest modeled fluxes were associated with areas of

high precipitation in the temperate and tropical zones

(Fig. 6b). The Butman & Raymond (2011) function relat-

ing annual emissions to annual precipitation has an

intercept at 200 mm, so our emissions estimate was

zero over large areas at high latitudes where annual

precipitation in 2004 fell below that value.

Fire emissions. Total fire emissions in 2004 were esti-

mated at 142 TgC yr�1 (Fig. 6d). We approximated

uncertainty at �45 TgC yr�1 based on independent

bottom-up and top-down analyses (Kopacz et al., 2010;

Hayes et al., 2011). The largest source areas were boreal

Alaska and Canada as well as lowland forests in wes-

tern Mexico and the Yucatan Peninsula.

Net ecosystem exchange

The total bottom-up NEE estimate for NA in 2004 was

�1115 TgC yr�1, with an estimation range from �899

to �1364 TgC yr�1 based on the component flux uncer-

tainties (Table 2). The largest component term was

NEP, followed by products, river/stream evasion, and

fire. The agricultural areas of the US Midwest and the

DBFs in the eastern portion of the country were large

NEE sinks. Forest areas in the Pacific Northwest and

Southeastern US were moderate sinks. Midcontinent

grasslands were a carbon source, primarily driven by

crop-related emissions. The combination of sources

from harvested products, river/stream evasion, and

fire constituted a 35% offset to the NEP sink.

CarbonTracker diagnostics

When the bottom-up NEE was run in the forward

mode with the TM5 transport model, there was virtu-

ally no bias in the winter, but a positive bias (1.58 lmol

mol�1 CO2) in predicted concentrations in the summer

across our eight reference measurement sites (Fig. 7).

The Wisconsin LEF tower, which samples a large area

of managed forests and farmland in the mid-west US,

clearly shows the summer bias (Fig. 8). This pattern

suggests a tendency to underestimate summer NEE

sinks. The CASA-GFED3EVI prior used in the Carbon-

Tracker inversion (CT2011, 2011) showed a larger posi-

tive bias in the summer (3.22 lmol mol�1 CO2), but

also a positive bias (1.48 lmol mol�1 CO2) in the winter

─ suggesting too large a source.

The total posterior NEE for the full CarbonTracker

inversion was �953 TgC yr�1, 15% lower (i.e., less of a

carbon sink) than the bottom-up NEE. The uncertainty

based on alternative transport models was

106 TgC yr�1.

Comparison of the geographic pattern in NEE for the

bottom-up and top-down approaches here (Fig. 9;

Table 3) indicates broad areas of agreement in terms of

the sign of the flux, particularly with regard to an

extensive carbon sink in the croplands of the Midwest

US. There was disagreement in the magnitude of the

carbon sink for most temperate forests, with higher val-

ues using the bottom-up approach. In the southern

Great Plains, there were source areas only in the case of

the bottom-up approach. The frequency distributions

for annual NEE in the 1° grid cells (Fig. 10) were

similar in that both showed a maximum in the

Table 2 Net ecosystem exchange (NEE) flux components

and ranges for North America in 2004. Units are TgC yr�1

Component

Best

estimate Low High

Net ecosystem production (sink) 1730 1359 2162

River/stream evasion (source) 158 109 207

Harvested products (source) 316 246 396

Fire emissions (source) 142 105 195

Total NEE 1115 899 1364

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3516–3528
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0 to �50 gC m�2 yr�1 bin. However, the bottom-up

approach had more cells that were sources and its dis-

tribution extended to a larger range of NEE sinks.

In the temporal domain, the time series for daily

mean NEE over North America (Fig. 11) showed an

earlier transition from source to sink in the spring for

the bottom-up approach (i.e., crossing the 0 NEE line

around day 102 compared to day 116 for the inversion).

There was an earlier return from sink to source in the

case of the inversion (day 256 vs. day 270). The peak

summertime uptake strength was 63% greater for the

inversion, whereas wintertime sources were of a similar

magnitude.

Discussion

Net ecosystem production

The climate over North America in 2004 was largely

favorable to NEP sinks. The west coast mountainous

regions were relatively warm, whereas the continental

interior was relatively cool and wet (Levinson, 2005).

Both corn and soybean in the Midwest United States

have recorded high levels of productivity per unit area

(USDA, 2005). At a mixed hardwood/conifer forest site

in eastern North America, NEE measured by the EC

approach (equivalent to – NEP) was �410 gC m�2 yr�1

in 2004 compared to a 10 year average of

�242 gC m�2 yr�1 (Urbanski et al., 2007). EC studies at

several boreal and temperate zone conifer sites in North

America also found the NEE carbon sink to be the high-

est or among the highest in their multiyear records

(Dunn et al., 2007; Krishnan et al., 2009; Thomas et al.,

2009). The area that is a notable exception is interior

Alaska where unusually warm and dry conditions

(a) (b)

Fig. 7 Frequency distributions for residuals of simulated CO2 concentration at eight measurement sites in North America. Values out-

side the �10 to 10 lmol mol�1 range are treated as outliers. (a) bottom-up approach with net ecosystem production (NEP) from

CFLUX, (b) forward model approach with land biologically driven flux from CASA-GFEDEVI.

Fig. 8 Comparison of observed and simulated CO2 concentra-

tions at the LEF site in Wisconsin.

Table 3 Net ecosystem exchange (NEE) by plant functional

type and climate zone for top-down and bottom-up scaling

approaches. Values are mean NEE in gC m�2 yr�1

Climate zone PFT* Top-down Bottom-up

Temperate DBF �90 �253

Temperate Crop

Broadleaf

�144 �205

Temperate Crop

Cereal

�119 �123

Temperate ENF �11 �104

Boreal ENF �29 �14

Temperate Grass �72 �1

Boreal DBF �89 �112

Temperate Shrub �19 �9

Tropical Crop

Broadleaf

�95 �380

Boreal Shrub �16 2

All other �14 �4

DBF, deciduous broadleaf forest; ENF, evergreen needle leaf

forest.

*Plant functional type (PFT) designations as in Fig. 2a.
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reduced carbon sinks in 2004 (Welp et al. 2007). Other

bottom-up studies suggest NEPs of similar magnitude

(Table 4) and three studies besides the present one that

upscaled EC data over all or large parts of North Amer-

ica reported 2004 as a relatively high NEP sink year

(Chen et al., 2011; Sun et al., 2011; Zhang et al., 2011).

Scaling NEP with CFLUX was based on stratifying

the land base by climate zone and PFT. With respect to

optimizing parameters such as LUE, many studies have

supported the use of PFT-specific parameters in diag-

nostic models (Turner et al., 2005; Xiao et al., 2005; Gil-

manov et al., 2013). Here, we added stratification by

climate zone, which may be particularly pertinent in

the case of grasslands because this PFT extends across

an exceedingly broad range of temperatures. Conifer

forests likewise occur across a wide environmental gra-

dient, and comparisons across EC tower sites suggest a

more conservative metabolism (e.g., lower LUE) in the

case of boreal forests (Garbulsky et al., 2010). This

observation may best be captured in a distributed NEP

model by a PFT 9 climate zone stratification.

Several studies based on upscaling EC tower data

have pointed to the importance of including distur-

bance effects (Desai et al., 2005; Jung et al., 2011; Xiao

et al., 2012). Here, we used a stand age product (Pan

et al., 2011) that was based on the Landsat record to

capture fires in recent decades. The ages of older stands

(based on inventory data) were also used in that prod-

uct, but were spatially explicit to a lesser degree. Thus,

there were undoubtedly mismatches of stand age and

FPAR in some cases. The scale of the disturbance

regime’s spatial heterogeneity is also an issue in that

management units in heavily managed forest areas are

often smaller than the 1 km2 of the FPAR data (Turner

et al., 2000). Future scaling efforts could make greater

use of Landsat data for stand age (e.g., Duane et al.,

2010), and potentially take advantage of stand height

mapping efforts based on satellite-borne lidar instru-

ments as an indicator of time since disturbance (Lefsky

2010).

(a) (b)

Fig. 9 Net ecosystem exchange using (a) bottom-up and (b) top-down approaches.

(a)

(b)

Fig. 10 Frequency distributions for mean net ecosystem

exchange within 1° grid cells over North America: (a) bottom-

up approach, (b) top-down approach. The bin interval is

50 gC m�2 yr�1 and the x-axis values represent the bin mid-

points.

Fig. 11 Time series of daily mean net ecosystem exchange at

weekly intervals over the North America domain.
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Additional CO2 sources

Products. As with fire and river/stream evasion, the

NEE based on upscaled tower fluxes sees the carbon

associated with harvested products as it is taken up in

croplands and managed forests, but does not see the

lateral transfer of the harvested products away from

those ecosystems (Ciais et al., 2008; Hayes et al., 2012;

Gilmanov et al., 2013). The large magnitude of the

products source helps explain how mean NEP can be

quite high for some regions, whereas continental scale

total NEE is much lower.

River and stream evasion. Our estimate for river and

stream evasion from the conterminous US.

(94 TgC yr�1) using a simple precipitation-based algo-

rithm was consistent with the flux estimate for the US.

(97 TgC yr�1) from the more detailed study on which

our algorithm was based (Butman & Raymond, 2011).

The magnitudes are also in good agreement with esti-

mates from detailed catchment scale studies such as

Wallin et al. (2012). The strength of the precipitation/

evasion relationship is likely based on the flushing

effect of high precipitation and the link of high precipi-

tation to high vegetation productivity. It is apparent

that in evaluating continental scale NEE, river/stream

evasion is a significant term (Cole et al., 2007).

Fire. The area burned in forests of western Canada and

Alaska was relatively high in 2004 (Turquety et al.,

2007) in association with an exceptionally warm and

dry April–July (Levinson, 2005). The CASA-GFED3-

based estimate for fire emissions in 2004 over North

America was the highest over the 2000–2010 interval

(CT2011, 2011). However, even that is likely an under-

estimate. Hayes et al. (2011) suggested a source of

200 TgC yr�1 for just boreal North America in 2004,

and the CASA-GFED3 source estimates in western Can-

ada for 2010 are believed to be underestimated by 30%

based on an inversion using observations of CO con-

centration (Kopacz et al., 2010). If indeed fire emissions

in 2004 were higher than 142 TgC yr�1, it would reduce

our bottom-up estimate of the NEE sink by a corre-

sponding amount.

Bottom-up net ecosystem exchange

Adding emission from fire, river/stream evasion, and

harvested products to NEP reduced the magnitude of

the annual carbon sink by about one third. As noted,

2004 appears to have been a relatively high NEP year

for North America, thus the proportion of annual fossil

fuel emissions offset by NEE over North America esti-

mated here (62%) is likely at the high end of the inter-

annual variation. Such was also the case for 2004 with

NEE from the ensemble CarbonTracker inversion over

the 2000–2010 interval (CT2011, 2011).

Evaluation with an atmospheric inversion model

The overprediction of CO2 concentrations for the sum-

mer season when using our bottom-up approach could

have several sources. First is that the simulated NEE

sink in summer was underestimated. This pattern

might be expected if the tower data with which the

NEP model is calibrated tended to have a low sink bias.

However, the opposite is more likely the case as an

underestimate of ecosystem respiration due to low

Table 4 Flux estimates for North America. Values are TgC yr�1

Flux type Domain Estimate Uncertainty* Year(s) Reference

NEP United States 730† 180 2004 Chen et al. (2011)

1111† 237 2004 This study

1210† NA 2001–2006 Xiao et al. (2011)

2703† 2282 2001–2006 Sun et al. (2011)

NEE United States 500‡ 400 2004–2006 Crevoisier et al. (2010)

717† 299 2004 This study

N. America 570‡§ NA 2004 Schuh et al. (2010)

953‡ 106 2004 CT2011, 2011;

1050‡ 300 2004 Gourdji et al. (2012)

1115† 465 2004 This study

1230‡ 1120 2001–2003 Butler et al. (2010)

NA, not available; NEE, net ecosystem exchange; NEP, net ecosystem production.

*Uncertainties are based on a variety of approaches and not directly comparable.

†Bottom-up approach.

‡Top-down approach.

§Does not include Mexico and Alaska.
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turbulence at nighttime or in the lower canopy is poten-

tially a common bias in EC tower flux estimation (Van

Gorsel et al., 2009; Thomas et al., 2013). Our CASA-

GFED3EVI bottom-up fluxes are calibrated with a global

set of net primary production measurements, and

resulted in a similar overprediction of CO2 concentra-

tion in the summer (Fig. 7b) – also suggesting insuffi-

cient summer uptake. Zhang et al. (2012) have pointed

out that LUE models may generally underestimate GPP

when FPAR is relatively high (and overestimate GPP

when FPAR is low) because shade-lit foliage, in which

photosynthesis is not light saturated, would have a

higher LUE than sun-lit foliage.

An alternative interpretation of the overprediction of

CO2 in the summer is that the west coast boundary con-

ditions for CO2 could be high to begin with (Schuh

et al., 2010; Gourdji et al., 2012). This was the case in

G€ockede et al. (2010), which compared measurements

and CO2 simulations from CarbonTracker at two sites

in western Oregon. As CarbonTracker is a global

model, a potential explanation of this is inadequate ter-

restrial uptake in Eurasia. We did not explicitly investi-

gate this issue here. The transport model itself must

also be considered. Stephens et al. (2007) found that

many of the TRANSCOM transport models have verti-

cal gradients that are too small in the North American

summer, indicating that uptake signals are mixed away

from the surface too vigorously. This implies that an

inversion constrained by surface observations would

have to estimate an erroneously large sink to correctly

simulate low CO2 concentrations. In forward mode

simulations, overly strong vertical mixing with correct

surface fluxes would manifest as simulated summer-

time surface CO2 values that are higher than those

observed. Distinguishing between faults of surface flux

and atmospheric transport remains a major challenge

in atmospheric CO2 modeling.

The wintertime high bias in predicted concentrations

with the CASA-GFED3EVI prior (Fig. 7b) could be a

case of model overestimation of ecosystem respiration

(or less likely underestimation of GPP), issues with

boundary conditions for CO2, or transport model

underestimation of boundary layer height. CASA is

spun-up to near carbon equilibrium (Olsen and Randolph

2004), whereas flux towers suggest many ecosystems

are carbon sinks (Yi et al., 2010), thus the CASA-GFE-

D3EVI winter sources may be too high. Our bottom-up

winter source is smaller, despite the added non-NEP

sources, because of less ecosystem respiration.

The similarity of the NA annual sums for the bottom-

up and top-down approaches could be reconciled if the

inversion underestimated net sinks in forested areas and

underestimated net sources in areas of dense humans

and livestock populations. In the case of temperate DBF,

the higher C sinks with the bottom-up approach are sup-

ported by multiple EC tower sites with NEE values in

the range �100 to �500 gC m�2 yr�1 (e.g., Wilson & Bal-

docchi, 2001; Urbanski et al., 2007). The EC measure-

ments in temperate ENF are more variable, with

observations of carbon sources in the case of recently

disturbed stands (Krishnan et al., 2009) and in very old

stands for specific years (Wharton et al., 2012). However,

bottom-up studies in the Pacific Northwest region using

Landsat remote sensing to map stand age, and the

Biome-BGC model to estimate NEP and fire emissions,

support strong regional sinks (Turner et al. 2007; Turner

et al., 2011b; Meigs et al., 2011). Forest inventory data

also suggest strong accumulation of bolewood carbon in

the Pacific Northwest region, particularly on public land

where harvest levels are relatively low (Alig et al., 2006).

In the southeastern US, where there are large tracts of

heavily managed coniferous forests, detailed bottom-up

analyses that account for stand age class distribution

also support a significant NEP (and by inference NEE)

sink (Masek & Collatz, 2006).
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