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ABSTRACT

We scale a model of net ecosystem CO2 exchange

(NEE) for tundra ecosystems and assess model

performance using eddy covariance measurements

at three tundra sites. The model, initially developed

using instantaneous (seconds–minutes) chamber

flux (�m2) observations, independently represents

ecosystem respiration (ER) and gross primary pro-

duction (GPP), and requires only temperature (T),

photosynthetic photon flux density (I0), and leaf

area index (L) as inputs. We used a synthetic data

set to parameterize the model so that available in

situ observations could be used to assess the model.

The model was then scaled temporally to daily

resolution and spatially to about 1 km2 resolution,

and predicted values of NEE, and associated input

variables, were compared to observations obtained

from eddy covariance measurements at three flux

tower sites over several growing seasons. We com-

pared observations to modeled NEE calculated

using T and I0 measured at the towers, and L derived

from MODIS data. Cumulative NEE estimates were

within 17 and 11% of instrumentation period and

growing season observations, respectively. Predic-

tions improved when one site-year experiencing

anomalously dry conditions was excluded, indicat-

ing the potential importance of stomatal control on

GPP and/or soil moisture on ER. Notable differences

in model performance resulted from ER model

formulations and differences in how L was esti-

mated. Additional work is needed to gain better

predictive ability in terms of ER and L. However,

our results demonstrate the potential of this model

to permit landscape scale estimates of NEE using

relatively few and simple driving variables that are

easily obtained via satellite remote sensing.

Key words: tundra; CO2 flux; NEE; upscaling;

modeling; arctic carbon exchange.

INTRODUCTION

Arctic ecosystems are experiencing amplified rates

of temperature increase associated with climatic

change (ACIA 2004). Concurrent expansion of

shrub cover in tundra ecosystems (Sturm and

others 2001; Tape and others 2006; Walker and

others 2006; Forbes and others 2009; Hudson

and Henry 2009) may be resulting in arctic-wide
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increases in tundra vegetation productivity ob-

served via satellite remote sensing (Goetz and

others 2005; Bunn and Goetz 2006). Despite in-

creased sequestration of atmospheric carbon diox-

ide associated with changes in plant productivity

(Boelman and others 2003; Street and others 2007),

uncertainty regarding the direction and magnitude

of tundra ecosystem net carbon flux at annual

timescales remains, particularly those changes

resulting from the dynamics of ecosystem respira-

tion (ER) (Shaver and others 1992; Fahnestock and

others 1999; Oechel and others 2000; Lafleur and

Humphreys 2008). Increases in ER associated with

permafrost thaw may offset increased productivity

associated with warming, potentially resulting in

tundra ecosystems acting as a net source of carbon

dioxide to the atmosphere (Mack and others 2004;

Shaver and others 2006; Schuur and others 2009).

Improved estimates of net ecosystem exchange of

carbon dioxide (NEE) over large areas and long

temporal scales are thus needed to elucidate the

direction and magnitude of terrestrial carbon ex-

change across the pan-Arctic region, and to

understand the potential response of tundra carbon

exchange to further climatic perturbations, partic-

ularly regarding the fate of large soil carbon pools

currently immobilized in permafrost (Schuur and

others 2008).

NEE is typically represented as the difference

between ER and gross primary production (GPP),

so accurate representation of these key processes is

necessary to achieve robust estimates of NEE. At

daily timescales GPP responds to incident radiation

and is regulated primarily by vegetation abun-

dance, often expressed in terms of the normalized

difference vegetation index (NDVI) or leaf area

index (L) (Street and others 2007). Scaling of

foliar nitrogen and specific leaf area within plant

canopies, resulting from optimization of available

resources, has produced a remarkable functional

convergence of photosynthetic capacity across a

broad range of vegetation types when considered

in the context of light use efficiency and net car-

bon gain (Field 1991; Goetz and Prince 1999). This

has been shown to include Arctic vegetation types

(Williams and Rastetter 1999; Van Wijk and oth-

ers 2005). Similarly, ER typically exhibits an

exponential response to air and soil temperature,

and the magnitude is largely dependent on vege-

tative inputs to carbon pools (Grogan and Chapin

1999; Grogan and others 2001; Elberling 2007).

As a result, relatively few environmental and

biophysical variables and associated simple func-

tional relationships can be exploited to predict

NEE for tundra ecosystems (for example, Shaver

and others 2007).

A number of studies across the low Arctic have

demonstrated the validity of simple instantaneous

models of NEE, here we define an instantaneous

model as having a temporal extent ranging from

seconds to minutes and a spatial extent of less than

1 m2 (Vourlitis and others 2000a; Williams and

others 2006; Shaver and others 2007; Huemmrich

and others 2010). Related work has indicated such

models can be reasonably extrapolated to in space

(�1 km2) (Vourlitis and others 2000a; Stoy and

others 2009). Initially, such models were restricted

to a limited number of sites characterized by rela-

tively few vegetation types, and separate parame-

terizations were developed for each type (Vourlitis

and others 2000a; Williams and others 2006).

However, because much of the variation in GPP

could be explained by L for a range of low-Arctic

vegetation types (Street and others 2007), Shaver

and others (2007) were able to parameterize an

instantaneous model capable of predicting NEE for

a diverse range of vegetation types. A number of

subsequent studies have addressed issues associated

with spatial scaling of instantaneous NEE models

(Spadavecchia and others 2008; Williams and oth-

ers 2008; Stoy and others 2009), however there is

no spatially or temporally integrated model avail-

able to estimate seasonal and annual carbon

exchange at the landscape-scale. We define a

landscape-scale, or simply landscape models, as

having a temporal extent greater than 1 day, and

spatial resolution greater than about 250 m2.

Our objectives in this paper were to scale an

instantaneous model of NEE to the Arctic landscape

using input variables that are readily obtained using

satellite remote sensing, and to compare the land-

scape model estimates of NEE with field observations

from a range of sites in Alaska and Canada. The pri-

mary objective was thus to assess the ability of models

to predict seasonal and annual tundra net carbon

exchange, and simultaneously to identify areas in

need of additional research to improve predictive

capability of carbon flux models in arctic landscapes.

METHODS

Study Sites

Observations of ecosystem carbon flux from three

eddy covariance towers at two research sites with

contrasting dominant vegetation types were used

for this study (Figure 1). This included a tussock

tundra site in the Anatuvuk River basin, near
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Toolik Lake, AK, USA (Rocha and Shaver in press),

and mixed-tundra and wet-sedge fen sites near

Daring Lake, NWT, Canada (Lafleur and Humph-

reys 2008). Values of mean growing season tem-

perature, precipitation, radiation and vapor

pressure deficit for each of the site-years used in

this study are presented in Table 1. The tussock

tundra site (AK) was dominated by tussock grass

with (Eriophorum spp.) with inter-tussock areas

comprised of sphagnum (Sphagnum spp.) and

feather mosses (Hylocomium spp.). Dwarf birch

(Betula nana L.), cloudberry (Rubus chamaemorus),

cranberry (Vaccinium vitis-idaea L.), and labrador tea

(Ledum palustre L.) were also present. Data collected

during the summer of 2008 from the AK site were

used for this study.

The NWT sites were located in a broad valley that

drains into Daring Lake (Figure 1). The wet-sedge

fen (NWT-Fen) was located closer to Daring Lake

with sedges (Carex spp.) being the dominant vege-

tation type. Dwarf birch (Betula glandulosa) and

understory sphagnum were also present. Data col-

lected during the summer of 2008 at the NWT-Fen

site was used for this study. The mixed-tundra site

(NWT-Mix) (Lafleur and Humphreys 2008) was

located in the same valley as the NWT-Fen tower,

and captures a gradient from mesic heath upland

tundra to moist shrub lowland tundra. The upland

Figure 1. A map of the tundra biome showing peak monthly NDVI. Southern extent indicates 100 km south of latitudinal

treeline as described in the Circumpolar Arctic Vegetation Map (Walker and others 2005). The Anatuvuk River site is

denoted (AK), and the Daring Lake sites denoted (NWT). Photographs of each tower location are shown as well, and

labeled accordingly. (Photos courtesy of Scott Goetz—AK, and Elyn Humphreys—NWT).

Table 1. Summary of Meterological Variables by Growing Season for Each of the Study Sites

Site Year PAR1

(mol m-2 day-1)

Temp1

(�C)

Precipitation3

(mm)

VPD1

(kPa)

Anatuvuk River, AK 2008 30.2 9.6 121.7 0.91

Daring Lake, NWT2 2004 35.0 11.5 40.2 0.51

2005 34.4 10.5 43.5 0.41

2008 36.8 13.5 19.2 0.48

1Data represent means of daily values over the growing season as defined in this study (DOY 180–230).
2Data for the NWT sites are from the mixed-tundra tower to allow for interannual comparison.
3Precipitation data are cumulative values over the defined growing season.
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vegetation was dominated by a broad range of mat-

forming shrubs (Ledum decumbens (Ait.), Vaccinium

vitis-idaea (L.), Empetrum nigrum (L.), Loiseleuria

procum bens (L.)), deciduous shrubs including Betula

glandulosa (Michx.), Rubus chamaemorus (L.), Vacci-

nium uliginosum (L.), and understory mosses and

lichens. Dominant vegetation in the lowland por-

tion of the site consisted primarily of the deciduous

shrub species listed above, with sedges present in

wetter areas. The NWT-Mix site was located

approximately 1 km up a gentle slope (�1�) from

the NWT-Fen. Subsequently the sites were char-

acterized by a topography-driven moisture gradi-

ent. During the summer of 2008 the water table at

the NWT-Fen site was within ±10 cm of the sur-

face, whereas the water table was well below the

surface at the NWT-Mix site. Data from the sum-

mer of 2008 for the NWT-Fen site, and from the

summers of 2004–2005, and 2008 for the NWT-Mix

site were used for this study.

Eddy Covariance Measurements

Ecosystem carbon fluxes derived from eddy

covariance measurements were used for model

validation. The eddy covariance instrumentation

and data processing techniques used at each site

have been described by Rocha and Shaver (in

press), and Lafleur and Humphreys (2008) for the

AK and NWT sites, respectively. A brief description

is provided in the following paragraphs and the

reader is referred to Rocha and Shaver (in press)

and Lafleur and Humphreys (2008) for more

detailed information. Nearly identical instrumen-

tation, including open path InfraRed Gas Analyzers

(IRGA; LI-7500; LI-COR; Lincoln, NE, USA) were

used to measure fluxes of CO2 and H2O at all three

sites. At all three sites IRGA diagnostics and mete-

orological data (for example, low wind speed) were

used to detect poor quality data. Empirical rela-

tionships between NEE, T, I0, and L, similar to

Figure 2. A diagram outlining the steps taken to scale and reparameterize the model. First half-hourly observations of T,

I0, and NEE are used in conjunction with MODIS derived L to test the assumption that the model scales linearly in space,

and to select the best of the nine original models (A). Once the best model is identified a combination of observed and

synthetic T and I0 daily trajectories, and synthetic values of L are used to predict half-hourly NEE (B). Each of these

synthetic daily trajectories (n �15,000) are then aggregated to daily values (B). These synthetic daily trajectories are used

to parameterize a series of new daily models (C). Finally, the daily models are evaluated by using daily T and I0 tower

observations and MODIS derived L to predict NEE, and then comparing this to daily tower observations of NEE (D). Note

that daily model parameterizations are completely independent from observations. Identical results may be achieved

without step A, however this would require steps B–D to be completed nine times; once for each of the original

instantaneous model parameterizations.
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those used in this study (see below), were used to

fill gaps in half-hourly data.

The methods used to fill gaps, and to partition

NEE into ER and GPP, are notable differences be-

tween the AK and NWT datasets. At the AK site,

which lies at 68�55.8¢N latitude, ER was deter-

mined as the y-intercept of weekly light response

curves (Ruimy and others 1995). The parameters

from these light response curves were used to fill

gaps in the flux data as well. The NWT sites lie

below the Arctic Circle at 64�52.131¢N latitude, and

so a relationship between T and nighttime NEE (for

example, equation (5) without L, see below) was

used to estimate ER, and GPP was calculated as the

difference between NEE and ER. Next, an empirical

relationship between GPP and I0 was developed

and gap-filled NEE was calculated for these

empirical ER and GPP relationships. In the present

study, NEE was the primary focus, and compari-

sons between modeled ER (equations (5–7), see

below) and ER partitioned from eddy covariance

data are provided simply as a comparison between

alternative model formulations. The same is true

for GPP.

Remote Sensing Data

Estimates of L were derived with satellite remote

sensing products to demonstrate the suitability of

the model for remote sensing applications and also

to avoid uncertainty related to differences in

instrumentation between sites. We used the NDVI

calculated using reflectance values from the

MODerate Resolution Imaging Spectroradiometer

(MODIS) to estimate LAI with the following

equation (Shaver and others 2007):

L ¼ 0:00268:0783NDVI
e ð1Þ

For each site the MODIS normalized bi-direction-

ally corrected reflectance values (NBR)(MCD43A4)

were acquired for the pixel containing each tower

using the Oak Ridge National Laboratory (ORNL)

Distributed Active Archive Center (DAAC) subset-

ting tool (http://daac.ornl.gov/MODIS/modis.html)

at 500 m resolution, and used to calculate NDVI.

Values from the MOD15 L product over predicted

tower observations from the AK site (Rocha and

Shaver 2009) by a factor of 2–3 and were thus re-

jected. Preliminary analyses also revealed that the

MODIS NDVI product, MOD13, was less accurate

and therefore excluded as well. The NBR data set

consisted of 16-day composites collected at 8-day

intervals. A two-step weighted loess smoothing

function was used to interpolate NDVI values to

daily resolution. Daily values of L were then cal-

culated for each NDVI product with equation (1).

Model Description

The basis of the present study is a model of pho-

tosynthesis as a function of leaf area index and

irradiance, and ER as a function of air temperature

and leaf area index, abbreviated PLIRTLE (Shaver

and others 2007). PLIRTLE is a simplified model of

tundra NEE based upon instantaneous chamber-

flux measurements. The initial study (Shaver and

others 2007) described functional convergence

across a broad range of vegetation types and geo-

graphic locations, concluding that a single param-

eterization is representative of all low-Arctic tundra

ecosystems. The model is useful for scaling because

it requires few relatively easily attainable input

variables. Tundra NEE is represented as the differ-

ence between ER and gross primary productivity

(GPP):

NEE ¼ ER� GPP ð2Þ

GPP is represented as an aggregated form of the

hyperbolic expression of leaf level photosynthesis

derived by (Rastetter and others 1992):

GPPA ¼
PM

k
ln

PM þ E0I0

PM þ E0I0e�kL

� �� �
ð3Þ

where PM is the light saturated photosynthetic rate

per unit leaf area (lmol m-2 s-1), k is the Beer’s

law extinction coefficient, E0 is the initial slope of

the light response curve (lmol CO2 lmol-1

photons), I0 is photosynthetic photon flux density

(lmol m-2 s-1), and L is leaf area index (m2 m-2).

The original hyperbolic expression of leaf level

photosynthesis is as follows:

GPPH ¼ L
PME0I0

PM þ E0I0

� �
ð4Þ

Three alternate representations of ER were used to

calculate NEE:

ER1 ¼ R0LebT ð5Þ

ER2 ¼ R0LebT
� �

þ RX ð6Þ

ER3 ¼ R0Lþ RXð ÞebT ð7Þ

where R0 is a respiration rate at 0�C (lmol m-2 s-1),

b describes the Q10 dependence of respiration (�C-1),

T is air temperature (�C), and RX a second respiration

rate (lmol m-2 s-1). A single respiration pool

that responds to T and L is assumed in ER1. ER2

assumes an additional respiration pool independent

80 M. M. Loranty and others
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of short-term variations in T and L, and ER3 assumes

that additional respiration pool responds to T but not

L in model ER3.

Model Scaling and Parameterization

Nonlinearities associated with scaling from instan-

taneous to landscape models of C fluxes require the

PLIRTLE model to be re-parameterized. Daily fluxes

are typically acquired via eddy covariance tech-

niques, and such data are relatively uncommon in

tundra ecosystems. With the paucity of data it is

difficult to parameterize and validate models that

are broadly applicable. An alternative approach is to

use more commonly available meteorological data

and the instantaneous model to generate a data set

that can be aggregated, and subsequently used to

parameterize a landscape model (Biesinger and

others 2007). Specifically, hourly observations of T,

I0, and L were used to estimate NEE with the

existing instantaneous model (that can be parti-

tioned into ER and GPP) (Figure 2B). Values of T, I0,

ER, GPP, and NEE were then aggregated to daily

resolution (Figure 2B) yielding a complete data set

with which to parameterize a landscape model

(Figure 2C). Available eddy covariance observa-

tions of NEE were then used for independent model

validation (Figure 2D). A key assumption of this

approach is that the instantaneous model is capable

of accurately predicting fluxes obtained using eddy

covariance methods with the increase in spatial

scale.

PLIRTLE was originally parameterized using a

variety of data subsets and model configurations to

ensure robust parameterization and general appli-

cability. In the present study, it was therefore nec-

essary to select an appropriate model to ensure

accurate scaling. The original instantaneous model

sufficiently captured variation associated with site

location and vegetation type. Alternate model con-

figurations parameterized with data from all sites

and vegetation types performed equally well. We

thus chose to evaluate each parameter set for the

nine model configurations derived using the entire

original data set (Table 5 in Shaver and others

2007). One set of three models predicted NEE by

parameterizing each of the three ER1–3 (equa-

tions (5–7)) models and GPP (equation (3)) inde-

pendently (Independent). A second set of three

models parameterized each combined NEE1–3 model

(Combined). A third set of three models parame-

terized each of the NEE1–3 equations with k = 0.5

(k-fixed) because sensitivity analyses revealed that k

had little impact with respect to model performance

(Shaver and others 2007).

Before we generated the landscape model it was

necessary to explicitly test the assumption that the

instantaneous model could be employed at the

spatial scale of eddy covariance measurements (for

example, > �250 m2), and to identify the best of

the original nine instantaneous model parameter-

izations, described above (Figure 2A). To accom-

plish this we predicted NEE for each of the nine

instantaneous model parameterizations with T, and

I0 from eddy covariance towers and L derived from

remotely sensed products, and evaluated predic-

tions against 30-min flux tower observations of

NEE from all sites. Note that the alternative to this

approach would have been to generate nine

parameterization datasets, one with each instanta-

neous model, to then parameterize a series of

landscape models with each of the nine datasets,

and finally to diagnose errors in landscape models

associated with spatial up-scaling; ultimately

resulting in an unwieldy number of landscape

models to evaluate. Thus, our use of 30-min flux

observations to test the linearity of spatial up-scal-

ing (Williams and others 2008) and select the most

accurate instantaneous model with which to gen-

erate landscape models served as an intermediate

step to guide our scaling approach. So, although

tower data were used to guide the scaling process,

the landscape model parameters remain indepen-

dent of observations.

To parameterize the new model a data set com-

prised of observed and synthetic hourly values of T,

I0, and L was created (Figure 2B). We began with

approximately 5,000 daily T, and I0, trajectories

observed at the Toolik Lake LTER during the period

of 1992–2007. Each daily trajectory was comprised

of 24 consecutive hourly values. We used a sine

function to generate an additional 10,000 daily I0

trajectories as a function of hour of the day, a

maximum value (1600 lmol m-2 s-1) and ran-

domly generated day length. Similarly, 10,000 daily

T trajectories were generated as a function of hour of

the day, randomly generated initial T (-10 to 10�C),

and randomly generated T range (0–25�C). Each of

the about 15,000 daily trajectories was assigned a

random value of L from a uniform distribution

(0–1.5 m2 m-2). Hourly values of NEE, ER, and GPP

were then simulated using the instantaneous model

identified as being most appropriate (Shaver and

others 2007). These data were aggregated to yield

daily T, I0, L, ER, GPP, and NEE that in turn were

used to parameterize landscape models.

A suite of landscape models similar to the origi-

nal study were parameterized using the generated

synthetic dataset (Figure 2C). We combined equa-

tion (3) with equations (5–7) to derive three
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landscape NEE model parameterizations, and a

further three parameterizations were achieved by

independently parameterizing equations (3, 5–7).

Additionally, we parameterized a series of models

using the original leaf level photosynthesis equa-

tion (4) because of the prior finding that the

models were largely insensitive to k (Shaver and

others 2007). That is, equation (4) and equa-

tions (5–7) were parameterized in combination and

independently to yield six additional landscape

model parameterizations. For each NEEX model,

the subscript denotes which ER model (ER1–3;

equations (5–7) is included. The term independent

parameterization indicates that ER and GPP were

parameterized independently. Aggregated refers to

models that incorporate GPPA (equation (3)) and

hyperbolic refers to models that incorporate GPPH

(equation (4)).

Statistical Analyses

Parameters for the landscape models were esti-

mated using nonlinear regression. All analyses

were performed in R (R Development Core Team

2009). The original instantaneous model was

developed using observations made during the

summer growing season, however our validation

data extend beyond this period. For this reason we

validate the landscape model with observations

that include only the period during the growing

season used in the original study (day of year 180

to 230), and conduct a parallel set of analyses that

include the entire instrumentation period for each

tower to assess the predictive ability of the model

outside of the growing season (for example, before

DOY 180 and after DOY 230, hereafter referred to

as the shoulder season). To assess performance of

landscape NEE models we calculate root mean

squared error (RMSE), coefficient of determination

(r2), and regression coefficients, and also compare

the results with those reported in the original study

(Shaver and others 2007). In addition, model effi-

ciency (MEF) (Loague and Green 1991) is used for

model assessment. MEF is a goodness of fit measure

similar to r2 that accounts for deviations from the

1:1 line with values ranging from -¥ to 1 where

values less than zero indicate that modeled values

are less representative of the dataset than the mean

and the model can therefore not be recommended

and values from 0 to 1 represent acceptable fits.

Table 2. Fit Statistics for the Nine pan-Arctic Instantaneous Model Parameterizations Presented in the
Original Study Used to Predict the Original Data, and Half-Hourly Tower Observations with L Derived Using
MCD43 (for example, at Flux-tower Spatial Resolution)

Independent Combined Combined, k-fixed

ER and GPP parameteri-

zation

Parameterization Parameterization

NEE1 NEE2 NEE3 NEE1 NEE2 NEE3 NEE1 NEE2 NEE3

Original study1

Slope 0.92 0.99 0.98 1.01 1 1 1.01 1 0.93

Intercept 1.31 0.13 0.75 0.13 0 0 0.17 0 -0.43

r2 0.77 0.79 0.77 0.79 0.8 0.8 0.79 0.8 0.76

RMSE (lmol C m-2 s-1) 2.09 1.59 1.8 1.56 1.52 1.51 1.56 1.53 1.74

MCD432

Slope 0.83 0.79 0.87 1.13 0.95 1 1.1 1.05 1.1

Intercept 0.33 -1.08 -0.69 0.22 -0.5 -0.09 0.23 -0.28 -1.07

r2 0.58 0.57 0.57 0.59 0.58 0.57 0.59 0.58 0.57

RMSE (lmol C m-2 s-1) 1.16 1.61 1.25 1.01 1.13 1.02 1.02 1.05 1.45

MEF 0.44 -0.07 0.35 0.57 0.47 0.57 0.57 0.54 0.13

MCD43NL3

Slope 0.84 0.8 0.91 1.15 0.97 1.04 1.12 1.07 1.14

Intercept 0.45 -0.97 -0.56 0.33 -0.39 0.05 0.35 -0.17 -0.97

r2 0.61 0.6 0.62 0.62 0.61 0.63 0.62 0.62 0.62

RMSE (lmol C m-2 s-1) 1.2 1.47 1.11 0.99 1.04 0.96 1 0.99 1.34

MEF 0.41 0.11 0.49 0.59 0.55 0.62 0.59 0.60 0.26

1Fits statistics from Shaver and others (2007) Table 5.
2NDVI data assigned to the date in the middle of the compositing period.
3NDVI data assigned to the beginning date of the compositing period.
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RESULTS

Initial Model Selection
and Parameterization Data

The original model performed well when up-scaled

to the spatial resolution of eddy covariance obser-

vations. The range of RMSE for NEE modeled at flux-

tower spatial resolution (0.96–1.61 lmol m-2 s-1)

was generally lower than the range of RMSE for

NEE predicted with instantaneous models origi-

nally reported by Shaver and others (2007)

(1.51–2.09 lmol m-2 s-1; Table 2). However, the

range of r2 values when the model was up-scaled

spatially (0.57–0.63) were lower than those

observed in the original instantaneous models

(0.76–0.8, Table 2) indicating a decrease in the

amount of variability explained with the increase in

spatial scale, despite reduced RMSE. The range of

Figure 3. Comparison

between modeled and

observed half-hourly

landscape-scale NEE (A).

Modeled NEE was

calculated using the most

accurate model, NEE3

k-free (Table 1), with

parameters reported by

Shaver and others (2007).

Residual NEE plotted

against L (B),

temperature (C), I0 (D),

hour of the day (E), and

day of year (F).

Landscape-Scale Arctic NEE 83

Author's personal copy



regression parameters obtained when the model was

applied at the spatial resolution of eddy covariance

observations was similar to those obtained with the

instantaneous models (Table 2). The reduction in

RMSE and r2 is likely the combined result of a

reduction in the magnitude of errors due to the

nature of half-hourly eddy covariance measure-

ments and possible lags in the response of NEE to

environmental drivers at diurnal timescales.

Reflectance values from the MCD43A4 product

used to calculate NDVI constitute average values

obtained over the 16-day compositing period, and

it is customary to associate these values with the

midpoint of that period. Interestingly, we found

that associating the value with the first day of the

compositing period resulted in better agreement

between modeled and observed NEE (Table 2).

Model NEE3 combined was identified as the best

model with which to generate the parameterization

data set. Regardless of whether or not the

MCD43A4 data were lagged this model exhibited

among the lowest RMSE values, and consistently

had the highest MEF values (Table 2; Figure 3A).

This remained true when the data were aggregated

to daily values, and when only data during the

growing season period during which the original

model was calibrated were considered. No system-

atic variation with T, I0, or LAI was apparent, nor

was there systematic diurnal or seasonal variation

(Figure 3B–F). The resulting parameterization data,

based on a combination of synthetic and observed

trajectories of T and I0, encompassed the domain of

the validation sites and adequately captured the

response of NEE to the input variables (Figure 4).

Landscape NEE Models

Parameter values and associated fit statistics for each

of the landscape NEE models are shown in Table 3,

note the change in units associated with the change

in scale. Across the range of models there was rela-

tively little variability in parameter values. PM ran-

ged from 1.12 to 1.19 mol C m-2 day-1, and E0

values were between 0.021 and 0.034 mol mol-1.

The six models that used GPPA had higher values of

PM and E0, likely to compensate for light attenuation

with the inclusion of k, which ranged from 0.35 to

0.84. The respiration parameters, R0 and RX, had

ranges between 0.058 and 0.081 mol C m-2 day-1,

and 0.010 and 0.027 mol C m-2 day-1 respectively.

The Q10 temperature response (Q10 = e10b) fell

between 1.8 and 2.2, which is a range typically

observed for arctic ecosystems (Nadelhoffer and

others 1991; Schimel and others 2006).

Overall modeled NEE matched daily observations

well, explaining between 38 and 68 percent of

the variance in daily NEE with RMSE values

ranging from 0.34 to 0.54 g C m-2 day-1 across the

range of model parameterization analysis periods

(Table 3). Landscape models incorporating GPPH

(equation (4)) consistently resulted in better NEE

predictions than those that used GPPA (equa-

tion (3)). In particular the models that used GPPH

consistently had similar r2 and higher MEF values

indicating less bias with these models (Table 3).

These general results hold true regardless of whe-

ther models are evaluated against observations

made during the growing season or the entire

instrumentation period. From these results we

Figure 4. Response of daily NEE to I0 (A), T (B), and L (C). Data shown in black are parameterization data aggregated

from half-hourly to daily temporal resolution. Half-hourly T and I0 were a combination of synthetic and observed daily

trajectories, and daily LAI values were generated randomly. NEE was calculated using model NEE3 k-free. Points shown in

gray are flux tower observations that were used for model validation. These plots illustrate that parameterization data

encompassed a much larger domain than that of the validation data.
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concluded that NEE predicted with GPPH best rep-

resent the low-Arctic tundra landscape, and so we

focus on these six models for further analyses and

interpretation.

Predicted versus observed NEE for the six model

parameterizations that use GPPH show differences

in performance, including modest r2 values ranging

from 0.38 to 0.43 during the growing season and

0.63–0.67 over the entire instrumentation period

(Table 3). Despite explaining over 20% less vari-

ance during the growing season, the range of

RMSE when models are compared to growing

season fluxes (0.37–0.54 mol C m-2 day-1) is just

slightly higher than when predictions are evaluated

against the entire data set (0.34–0.46 mol C m-2

day-1). This is likely due to the magnitude of NEE

values being typically greater during the growing

season, in comparison to the periods just before and

after the growing season where the magnitude and

errors (Figure 5A–B) are smaller. Moreover, the

range of NEE values is smaller during the growing

season.

Relationships between residual NEE and time, T,

I0, and L are shown in Figure 5. Overall differences

in model performance, indicated by fit statistics, are

the result of differences in bias across the range of

predictions (Figure 5). This is indicated by changes

in intercepts but not slope between models

(Table 3), and systematic shifts in residual NEE

with respect to the input variables (Figure 5). The

models under-predicted NEE before the growing

season, and this was particularly apparent for the

three models where ER and GPPH were indepen-

dently parameterized (Figure 5A). Additionally,

the magnitude of residual NEE increased with

T (Figure 5C–D), but not with I0 (Figure 5E–F) or

L (Figure 5G–H).

Daily GPP and ER Models

Seasonal trajectories of ER estimated using the six

model parameterizations for each site-year are

shown with ER partitioned from tower observa-

tions in Figure 6. Differences between models are

apparent across each season and result from

differences in the base respiration rate(s) (R0 and

RX parameters). This is particularly apparent early

in the growing season. Several notable differences

between the landscape models presented here

and the tower partitioning models can be

observed. At the NWT sites (Figure 6B–E) there

were apparent differences in the magnitude of

the ER temperature response between tower

partitioned and the landscape models. This may

Table 3. Parameter Values and Fit Statistics for Landscape Models of Arctic NEE

Hyperbolic model Aggregated model

Independent Combined Independent Combined

NEE1 NEE2 NEE3 NEE1 NEE2 NEE3 NEE1 NEE2 NEE3 NEE1 NEE2 NEE3

R0 (mol C m-2 day-1) 0.09 0.06 0.06 0.08 0.07 0.07 0.09 0.06 0.06 0.08 0.06 0.06

Beta (�C-1) 0.06 0.08 0.06 0.06 0.07 0.07 0.06 0.08 0.06 0.06 0.08 0.06

RX (mol C m-2 day-1) – 0.03 0.02 – 0.01 0.01 – 0.03 0.02 – 0.03 0.02

PM (mol C m-2 day-1) 1.12 1.12 1.12 1.16 1.15 1.16 1.16 1.16 1.16 1.17 1.17 1.2

E0 (mol C mol-1 photons) 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03

k – – – – – – 0.84 0.84 0.84 0.35 0.71 0.81

Q10 1.88 2.21 1.88 1.91 2.02 1.92 1.88 2.21 1.88 1.91 2.21 1.9

Instrumentation period

Intercept 0.08 -0.21 -0.27 0.08 -0.04 -0.07 0.12 -0.12 -0.14 0.1 -0.11 -0.14

Slope 1.01 0.94 1.05 1.01 0.98 1.04 0.8 0.75 0.84 0.91 0.77 0.84

r2 0.67 0.67 0.63 0.67 0.67 0.66 0.68 0.67 0.66 0.67 0.67 0.66

RMSE (mol C m-2 day-1) 0.35 0.39 0.45 0.35 0.34 0.35 0.45 0.38 0.36 0.38 0.37 0.36

MEF 0.67 0.57 0.42 0.66 0.68 0.65 0.43 0.61 0.63 0.61 0.62 0.63

Growing season

Intercept -0.15 -0.35 -0.52 -0.15 -0.23 -0.32 0.01 -0.17 -0.33 -0.08 -0.18 -0.32

Slope 0.83 0.8 0.75 0.82 0.81 0.8 0.74 0.72 0.68 0.78 0.72 0.68

r2 0.43 0.42 0.38 0.43 0.42 0.41 0.42 0.41 0.39 0.42 0.41 0.4

RMSE (mol C m-2 day-1) 0.37 0.42 0.54 0.37 0.37 0.4 0.52 0.41 0.4 0.41 0.4 0.4

MEF 0.41 0.22 -0.27 0.40 0.38 0.28 -0.18 0.27 0.30 0.27 0.30 0.31

Note change in units for the parameters associated with landscape models.
All models use L assigned to the beginning day of the MCD43A3 compositing period from which it was derived.
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partially be explained by the inclusion of L in the

landscape models, which would attenuate the

temperature response when L is less than 1. At

the AK site light response curves are used to

estimate respiration, and the differences between

tower-partition and landscape modeled ER is

small (Figure 6A) but it does not capture the

temperature response.

Differences in PM and E0 were small relative to

the input variables and so differences in modeled

GPPH for independent and combined parameter-

izations were negligible and indiscernible. For this

reason we show a single landscape-scale GPPH

model in comparison to the site-based models for

each site year in Figure 7. In general, the landscape-

scale model predictions were lower than the tower-

Figure 5. Residual NEE

plotted against Day of

Year (A–B), T (C–D), I0

(E–F), and L (G–H) for

the models presented in

Figure 3. Models where

ER and GPP are

parameterized

independently are

presented in the left

column and those with a

combined

parameterization are

found in the right

column. The solid

horizontal line signifies the

ordinate and represents a

residual of 0.
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partition models, and the magnitude of differences

in GPP models for each site year corresponds

roughly to differences in ER, which indicates the

differences may cancel giving better agreements

between estimated and observed NEE. Taken to-

gether Figures 6 and 7 emphasize the importance of

ER, in that the landscape-scale GPP models are

invariant and thus variation in the NEE models is

attributed entirely to ER, and site-based GPP is

simply the difference between modeled ER and

NEE.

Cumulative Estimates of NEE

Model NEE1 shows the best agreement with obser-

vation over the instrumentation period and during

the growing season according to fit statistics, and so

seasonal trajectories of observed NEE and predicted

NEE1 are shown in Figure 8A–E. Across the range of

site years the model performed reasonably well, even

beyond the growing season during which the origi-

nal model was calibrated. The model fails to capture

the day-to-day variability apparent in the observa-

Figure 6. Seasonal

trajectories of ER for the

AK-2008 (A), NWT-Mix

2004-5, 2008 (B–D), and

NWT-Fen 2008

(E) calculated with the

landscape models

presented in Figure 4

(colored lines), and by

partitioning NEE (solid

black lines). Dashed lines

indicate landscape models

developed by

independently

parameterizing ER

models.
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tions early and late in the year (Figure 8B–E).

However, it is during these colder periods when the

potential for measurement errors is highest, partic-

ularly overestimation of carbon uptake associated

with instrument heating (Lafleur and Humphreys

2008).

Cumulative NEE over the instrumentation peri-

ods and the growing season during which the ori-

ginal model was calibrated are shown in Figure 8F.

On average, estimates of cumulative NEE were

within 30 and 17% of observations over the

instrumentation and growing periods, respectively.

Interestingly in 2004 NWT-Mix site had low

observed cumulative NEE that differed little be-

tween the instrumentation and growing periods,

and that the models greatly over predicted. The 2004

season experienced below average precipitation

over a period that included the shoulder season

(Lafleur and Humphreys 2008) suggesting that it

may be necessary to account for ecosystem water

status during anomalously dry years. Due to differ-

ences in the methods of ancillary data collection (for

Figure 7. Seasonal

trajectories of GPP for the

AK-2008 (A), NWT-Mix

2004-5, 2008 (B–D), and

NWT-Fen site 2008

(E) calculated with the

models presented in

Figure 4 (red line), and by

partitioning NEE (black

lines). Among the models

presented in Figure 4

differences between GPP

were negligible, and so a

single line was used.
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example, soil moisture) between sites and years we

are unable to explore this finding further. If this site

year is excluded estimates of cumulative NEE are, on

average, within 17 and 11% of instrumentation and

growing season observations, respectively.

DISCUSSION

Modeled NEE

The landscape model of Arctic NEE explained up to

67% of the variance in NEE observed at two widely

separated sites in the North American Arctic char-

acterized by different vegetation types. Less vari-

ability was explained when comparison was

restricted to the growing season, although estimates

of cumulative NEE improved in accuracy from

within 30% to within 17% of observations and this

range of accuracy is similar to those achieved by

other efforts to model cumulative NEE for tundra

ecosystems (Vourlitis and others 2000a, b; Stoy and

others 2009). The landscape model can be useful for

regional and continental scale predictions of NEE in

Figure 8. Seasonal

trajectories of NEE for the

AK-2008 (A), NWT -Mix

in 2004-5, 2008 (B–D),

and NWT-Fen 2008

(E) calculated with model

NEE1 shown in Figure 4B

(red line) and observed

with flux towers (black

line). A bar plot (F) shows

cumulative NEE

calculated from

observations (black) and

model NEE1 (red). Solid

and hashed portions of

each bar represent NEE

accumulated during the

growing season, and

outside of the growing

season, respectively.

Landscape-Scale Arctic NEE 89

Author's personal copy



Arctic ecosystems. A number of previous studies

have illustrated the relative simplicity of modeling

NEE for tundra ecosystems (Vourlitis and others

2000a; Williams and others 2006; Shaver and others

2007) and that physiological relationships observed

in small plots can be applied at the landscape-scale

(Vourlitis and others 2000b; Stoy and others 2009),

however our study is among the first to scale an

instantaneous model in space and time.

The landscape model reasonably captured diel

and seasonal patterns of variation in NEE, although

model error was often systematic over periods of

days to weeks, especially outside of the growing

season. The model often failed to represent diel

fluctuations in NEE very early or late in the year

suggesting that the ER model was not well suited to

winter conditions, or snow-free periods with little

vegetation productivity. This is to be expected, as

the original instantaneous model used to generate

the parameterization data set was developed with

data collected during snow-free conditions during

the growing season. Variation between model for-

mulations was attributed largely to differences in

the ER models, as the GPP parameters and sub-

sequent estimates were relatively invariant. This

suggests an increased mechanistic understanding of

annual landscape-scale ER is necessary to improve

the model.

The landscape model performed well across the

different vegetation types present at the three study

sites, supporting the observation of functional

convergence among tundra vegetation reported in

the original study. The largest model errors were

observed at the NWT-Mix site during the dry year

of 2004 (Figure 8B), but model errors for the NWT-

Fen site were similar to those observed during

other years at the NWT-Mix and AK sites (Fig-

ure 8F). Prior instantaneous models of NEE for

tundra ecosystems have included moisture terms to

better link ER with soil moisture (Vourlitis and

others 2000a). Tundra ER has been shown to in-

crease with decreasing soil moisture (Oechel and

others 1998), and this may be particularly impor-

tant in the context of predicted climate warming

and permafrost thaw (Schuur and others 2009).

Our results suggest that soil moisture may play an

important role in regulating ER in dry years,

however we lack sufficient data to identify the

specific mechanism responsible and so further

work is necessary.

Ecosystem Respiration

Differences between landscape NEE models with a

common estimate of L corresponded to differences

in modeled ER. Overall, NEE models with the

simplest representation of ER (ER1) show best

agreement with observations. This may be attrib-

uted to the fact that the original model was

parameterized during the growing season without

separate heterotrophic and autotrophic respiration

estimates. The inclusion of L in the ER models was

meant to account for differences of vegetative in-

puts into soil carbon pools related to vegetation

cover between sites. Indeed, a correlation between

ER and maximum L has been observed in a variety

of ecosystems (McFadden and others 2003; Reich-

stein and others 2003). By including actual L,

rather than maximum L, PLIRTLE effectively

reduces R0 to zero during the cold-season, attenu-

ating the temperature signal. With an accurate

estimate of RX (for models ER2 and ER3) this defi-

ciency could be resolved. However, such a modifi-

cation could require separate parameters to account

for differences in Q10 response during the cold-sea-

son (Mikan and others 2002). Along these lines,

more long-term in situ respiration observations

would be useful for informing future modeling ef-

forts. Reformatting the original instantaneous

model to incorporate maximum L is a simpler short-

term solution, although this would require knowing

the maximum value of L for each of the many

chamber-flux plots.

Although soil water content has been accounted

for in previous NEE modes (Vourlitis and others

2000a) many studies have observed that tempera-

ture is responsible for much of the variability in ER.

In the study of Vourlitis and others (2000a)

including water table depth as a proxy for soil

water content explained an additional 2–5% of the

variance in ER. As the study of Oechel and others

(1998) has shown, and our results support, in

tundra ecosystems soil moisture has large impacts

on NEE during periods with low soil moisture. In

this context our landscape model should be used

with caution during years with anomalously low

precipitation. Additionally, changes in the soil

water regime may be expected concurrently with

permafrost degradation. However, these processes

have been shown to occur at decadal timescales

(Schuur and others 2009) and the soil moisture

impacts to rely largely on local subsurface hydrol-

ogy (Schuur and others 2007). Thus, it will likely

be necessary to account for the effects of permafrost

thaw in the long term. Including soil moisture may

well improve the utility of this model for climate

change studies. However, satellite derived esti-

mates of soil moisture are less common than L, T,

and I0 and generally have coarser spatial and

temporal resolution. A model that includes soil
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moisture would be more difficult to implement at

regional and pan-Arctic scales compared to the

current model.

Winter soil temperature is greatly modulated by

snow depth, and this has been shown to affect ER

(Grogan and Jonasson 2006; Elberling 2007; Larsen

and others 2007). Thus, changes in the amount and

timing of winter precipitation may be more

important for accurately predicting ER in the near

term. Because T serves as a proxy for soil temper-

ature, it may be the case that T and soil tempera-

ture are less closely coupled during the winter.

Accounting for the thermal dynamics of the snow

cover is beyond the scope of this model. However,

using a remotely sensed estimate of snow depth to

adjust the temperature may aid efforts to model

winter ER.

GPP and Leaf Area index

An aggregated canopy model of GPP offered no

predictive advantages over a simpler leaf-level GPP

model. This is consistent with the recent work of

Huemmrich and others (2010) illustrating the

effectiveness of simple light use efficiency models

for tundra ecosystems. Parameter differences for

GPP between NEE models (Figure 7) were negligi-

ble, indicating that the GPP model was robust.

However, differences between estimates of L had

large impacts on model performance and illustrate

the importance of the data source used to estimate

L. The primary differences between data sets were

in NDVI during the periods when green up and

senescence occurs, not during the peak of the

growing season. Both ER and GPP respond to L and

so attributing differences between models with

alternate sources of L to either of these processes is

difficult. Moreover, we rely on an exponential

relationship to derive L from NDVI.

Uncertainty associated with estimates of L is a

probable source of error that is unaccounted for in

our current analysis. Our scaling method assumes

that the relationship between NDVI and L observed

at the plot scale transfers linearly to the landscape

scale. This assumption has been verified for expo-

nential models of L based on NDVI at scales ranging

from 1 to 9 m, but mismatches between ground-

based and satellite observed NDVI were also ob-

served (Williams and others 2008). Street and

others (2007) found differences in model parame-

ters between species when using equation (1) to

predict L from NDVI, thus using a single model to

predict L for all species left roughly 25% of the

variance in L unexplained (Shaver and others

2007; Street and others 2007). Although the asso-

ciated errors in L may be relatively small, the

impacts on modeled NEE would be more pro-

nounced, especially during periods of green up or

senescence when changes in L can occur rapidly. A

recent study by Stoy and others (2009) showed that

aggregation errors associated with scaling NDVI can

lead to large errors in modeled carbon fluxes,

however errors observed for the best models in the

present study were not nearly as large as cited in

Stoy and others (2009). A landscape scale LAI

product would be preferable to the approaches used

here, however the MODIS LAI product is inaccu-

rate in tundra ecosystems (Verbyla 2005). As such

future efforts to employ this model at the land-

scape-scale using satellite derived LAI will be

hampered by the necessity of incorporating a user

defined NDVI–LAI transfer function.

An alternative approach is to use a simpler light

use efficiency model that relies on remote observa-

tions of the fraction of absorbed photosynthetically

active radiation (Fpar) rather than L. This approach

is also not without difficulties, as the methods

commonly used to estimate Fpar ignore understory

bryophytes, which can account for a high proportion

of GPP in tundra ecosystems (Douma and others

2007; Huemmrich and others 2010). Nonetheless,

this approach may become increasingly important

given increases in L associated with shrub expansion

(Sturm and others 2001), which will modify the

utility of the current model estimates of L due to

NDVI saturation. Additional research is needed to

improve landscape-scale understanding of spatial

variability of tundra vegetation and its interactions

with leaf area and absorbed radiation in the context

of ecosystem carbon exchange. The effort described

herein, and the associated model scaling, are steps in

this direction.

CONCLUSIONS

We have modified and reparameterized an instan-

taneous chamber-flux model of tundra NEE to

operate at the landscape scale at a daily temporal

resolution. The derived model produced estimates

of cumulative growing season NEE that were quite

robust and within 17% of observations across a

range of vegetation types and site conditions.

During a particularly dry year (2004) at one site

(NWT) the model performed less well, and when

this case was excluded estimates of cumulative

growing season NEE were within 11% of observa-

tions. This result is in agreement with other studies

that have shown increases in tundra ER with soil

drying.
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Related, we observed differences between mod-

els of ER that should be explored further to im-

prove the predictive understanding of this key

component of net ecosystem exchange. These

findings highlight the difficulties associated with

partitioning tower fluxes at high latitudes, and

warrant further consideration to ensure consistent

estimates of ER and GPP across sites. Additionally,

the model failed to adequately capture variability in

NEE outside of the growing season, and we attri-

bute this to inadequate representation of ER during

those periods. This is not unexpected given that

PLIRTLE was originally parameterized using

growing season chamber measurements. Model

development with data from outside the growing

season, as well as testing at additional sites, would

be useful to achieve refinements in the current

model. This will be particularly important to accu-

rately identify the mechanisms responsible for

changes in carbon fluxes associated with additional

changes in climate across arctic ecosystems. We

note that such data are not widely available due to

the harsh conditions outside the Arctic growing

season.

Despite these limitations and the need for addi-

tional work, the derived best model performed

quite well at capturing the magnitude and vari-

ability of NEE across a range of tundra sites. Models

of this type, which are relatively simple in formu-

lation and can be driven with satellite observations,

may thus have utility for estimates of pan-Arctic

growing season NEE. The results of such models

will offer substantial insight into the magnitude

and spatial variability of tundra ecosystem carbon

exchange.
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