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Why evaluate the diurnal cycle?

Seasonal cycle in carbon fluxes is tied to strong 
seasonal forcings (temperature, radiation)

Evaluating fluxes over a range of timescales yields 
greater confidence that sensitivities and 
mechanisms are faithfully represented in land 
models



Southern Great Plains
 ARM Site

Park Falls



Diurnal cycle in May solar radiation 
at Park Falls, Wisconsin

0 5 10 15 20
Hour

0

100

200

300

400

500

600

700
FS

D
S 

[W
 m

-2
]



Seasonal cycle of NEE at Park Falls, Wisconsin
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Seasonal cycle of NEE at Park Falls, Wisconsin
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Seasonal cycle of NEE at Park Falls, Wisconsin
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Seasonal cycle of NEE at Park Falls, Wisconsin
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Seasonal cycle of NEE at Park Falls, Wisconsin
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Seasonal cycle of NEE at Park Falls, Wisconsin
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Seasonal cycle of NEE at Park Falls, Wisconsin
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Southern Great Plains
 ARM Site

Park Falls

figure: Ed Browell
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NEE at Southern Great Plains
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NEE at Southern Great Plains
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NEE at Southern Great Plains
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NEE at Southern Great Plains
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Figure: Mingquan Mu

Evaluating CESM against flux towers may not be 
representative due to heterogeneity

www.cheas.psu.edu). Over the summers of 2002 and 2003, 11
eddy flux tower systems were deployed in 14 different sites
spanning a range of ecosystem types and stand ages, including
a regionally representative 447-m tall tower (Fig. 1). Thus, the

region is an ideal place to address flux station density
requirements for scaling regional carbon fluxes in a hetero-
geneous landscape.

The objective of this study was to examine the variability
of net ecosystem exchange of carbon dioxide (NEE),
ecosystem respiration (ER), gross ecosystem production
(GEP) and the attendant parameters across the 14 sites over
the 2 years, examine which site parameters were most
important to explain this variability and understand how
these results inform bottom-up scaling of regional CO2 flux.
We asked (1) which vegetation type, stand age and

meteorological forcing explained most of the variability of
CO2 exchange across these sites, (2) what mechanisms
explained variability of CO2 exchange, (3) if these flux towers
sufficiently sampled the landscape to compute regional CO2

flux, and if not how these data can be used to inform multi-
tiered scaling.

Valentini et al. (2000) showed that variation in NEE across
Europe was mostly a function of latitude and due primarily to
variation in ER, with little variation in GEP. However, few
studies have quantified the variation in carbon flux over small
areas with heterogeneous cover. We hypothesized that

ecosystem type would be the most important variable in
explaining CO2 flux variability across space, followed by stand
age, and these factors would explain the majority of flux
variability across space, whereas variability due to climate
forcing or latitude would be insignificant across space, and
coherent across time but smaller than cross-site variability.

2. Materials and methods

2.1. Site descriptions

Northern Wisconsin and Michigan, USA is an area of
relatively flat, forested boreal transition forest with many
small glacial lakes and wetlands. The majority of upland
forest consists of mature northern hardwood forests of
maple (Acer spp.), basswood (Tilia americana), birch (Betula
allghaniesis) and ash (Fraxinus spp.) along with younger fast-
growing aspen (Populus termulouides) forests. Coniferous
species, primarily red pine (Pinus resinosa), jack pine (Pinus
banksiana), eastern hemlock (Tsuga canadensis) and white
pine (Pinus strobus) forests cover smaller areas. Fire-
dependent pine barren shrublands are found scattered in

the region, primarily in northwest Wisconsin. Around 1/3 of
the region is lowland wetlands, including forested wetlands
that contain primarily black spruce (Picea mariana), white
cedar (Thuja occidentalis) or tamarack (Larix laricina), shrub
wetlands typically containing alder (Alnus spp.) or willow
(Salix spp.) species and open meadows. Presettlement
upland vegetation consisted primarily of eastern hemlock,
white pine, birch and maple species (Schulte et al., 2002).
The region was heavily clear-cut beginning in the late 19th
century and logging continues today, though its magnitude
and intensity are in decline (Caspersen and Pacala, 2001;

Frelich and Reich, 1995). Many forests in the area remain
intensively managed.

Eddy-covariance CO2 flux measurements were initiated in
the region in late 1995 from a 447-m tall television tower with

station call letters WLEF, hereafter referred to as WLF (Davis
et al., 2003; Ricciuto et al., submitted for publication). Tower
footprint includes aspen, northern hardwood and coniferous
stands along with forested and shrub wetlands (Davis et al.,
2003). The mean Lai computed as a spatially weighted sum
across the major ecosystems is 3.7 (Burrows et al., 2002) and
typical stand age is around 51 years for upland and 69 years for
wetlands (R. Anderson, 2007, personal communication). Flux
measurements were made at heights of 30, 120 and 396 m
above ground in an attempt to measure the CO2 flux integrated
over this heterogeneous region. A ‘‘preferred’’ NEE algorithm

was employed to assimilate data from all three levels to create
a record of hourly regional-scale NEE (Berger et al., 2001; Davis
et al., 2003). Typical flux footprints from this tower are on the
order of 5–50 km, depending on the conditions and measure-
ment level used (Horst and Weil, 1992; Wang et al., 2006). Tall
tower fluxes from summer 2002 unfortunately had to be
discarded due to instrument failures.

Since the establishment of CO2 flux measurements on the
tall tower, various investigators have initiated flux measure-
ments in specific ecosystems using short towers, typically
about 10 m above the local canopy. By the summer of 2002, 11

flux towers existed in a range of ecosystem types and forest
stand ages (Table 1) that spanned the range of dominant land
cover types in the region. Three of these towers were on
mobile type platforms and moved to other sites in the summer
of 2003. The locations of the sites are mapped on Fig. 1. Site
vegetation, stand age, name abbreviations and other informa-
tion are detailed in Table 1.

This study focused on eddy-flux data collected over the
core growing season months of June, July and August, when all
sites were operational. Only five sites operated across all
seasons. However, it is in the growing season when the largest
spatial variability in absolute magnitude of fluxes is typically

seen, whereas winter fluxes, during the time deciduous leaves
are off and temperatures are below freezing, are generally an
order of magnitude smaller (Fig. 2).

Fig. 2 – Monthly average NEE for the 5 flux towers with
measurements in all seasons of 2002 and/or 2003.
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1. Introduction

Quantifying the exchange of carbon dioxide between the
terrestrial ecosystems and the atmosphere at regional scales
(10–1000 km) is needed to understand the CO2 dynamics of
entire biomes. The variability in the magnitude of this CO2

exchange is controlled by many factors. Vegetation type,

canopy successional stage, temperature and precipitation are
all seen to be major factors in explaining this variability over
space and time (Baldocchi et al., 2001; Law et al., 2002, 2004;
Valentini et al., 2000). Assessment of regional CO2 flux in
heterogeneous regions such as the forests of the Upper
Midwest (USA) requires adequate representation of these
governing factors.

Net CO2 exchange at the length scale of tens to thousands
of meters can be ascertained with biometric and eddy
covariance methods (Baldocchi, 2003), while CO2 fluxes at
the continental to global scale can be estimated with tracer-

transport inversion models, biogeochemical process models
and/or remote sensing-based ecosystem models (Running
et al., 1999; Tans et al., 1990). However, methods to assess and
verify regional (10–1000 km) ecosystem CO2 flux in hetero-
geneous regions over time scales of months to years are not as
well constrained (Chen et al., 2004). Both top-down and
bottom-up methods for measuring regional CO2 flux can be
used (Desjardins et al., 1997; Gerbig et al., 2003; Song and
Woodcock, 2003).

Canopy towers (10–20 m short towers above vegetation
canopy) for eddy-covariance flux measurements are used to
measure ecosystem CO2 exchange at the scales of 1–2 km, as is

currently being done at over 200 sites across the world (Olson

et al., 2004). The eddy covariance method allows for mostly
continuous measurement of net ecosystem CO2 flux. Cost, site
access and labor/data processing requirements, however,
prevent ubiquitous deployment of these systems to assess
regional CO2 exchange. While remote sensing, ecosystem
models and inverse methods can be used at the regional scale,
these methods alone do not elucidate mechanisms for CO2

exchange and their application at these scales is experimental.
The North American Carbon Plan (NACP, U.S. Carbon Cycle

Science Steering Group, http://www.esig.ucar.edu/nacp/) calls
for using a multi-tiered approach for scaling of CO2 flux, which
includes (1) comprehensive measurements by remote sensing,
(2) low-intensity, high spatial density inventory measure-
ments (e.g., Forest Inventory Analysis), (3) moderate-intensity,
moderate density carbon process measurements (e.g., bio-
metric carbon stock and flux measurements) and (4) high-
intensity, low density intensive measurements (e.g., eddy
covariance flux towers). Questions remain, however, regard-

ing the required density and kinds of measurements needed at
each scale.

Our study examined the role of eddy covariance flux
measurements within this framework for assessing regional
CO2 exchange in one specific region. The Upper Midwest
region of northern Wisconsin and Michigan is a highly
productive region of dense forest with low human population
density (<10 people km!1) and relatively flat terrain. The land
cover in this region is a highly heterogeneous mixture of
upland forests and lowland wetlands. The region also has the
highest density of eddy covariance flux towers of any region in
the world to date, due to the presence of the Chequamegon

Ecosystem–Atmosphere Study and related projects (http://

worsened the comparison to observed fluxes. These results provide insight on the range

of spatial sampling, replication, measurement error and land cover accuracy needed for

multi-tiered bottom-up scaling of CO2 fluxes in heterogeneous regions such as the Upper

Midwest, USA.

# 2007 Elsevier B.V. All rights reserved.

Fig. 1 – Map of Upper Midwest (USA) and flux towers (+) analyzed in this study.
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Desai et al., 2010
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The vertically integrated mixing ratio, XCO2

Column
[mol m-2]

Column CO2

Column O2
XCO2 = [O2]

Variations in XCO2 are directly related to mass fluxes.
Crisp et al., 2005;  Washenfelder et al., 2006;
Keppel-Aleks et al., 2012
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Synoptic activity complicates column 
drawdown and local flux at Park Falls

Keppel-Aleks et al., 2012
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Total column CO2 
suggests that CESM 
northern 
hemisphere NEP is 
small during the 
growing season by 
50%.
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Column mean annual cycle at Park Falls, Wisconsin
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Mean annual cycle at Southern Great Plains
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Diurnal column drawdown at Park Falls, Wisconsin
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Mean annual cycle in CO2 is underestimated 
by 15-25% in CESM2, in contrast to >60^ in 
CESM1

Comparisons at 
—smaller spatial scales (annual cycle of NEE)
—shorter time scale (diurnal fluxes & CO2) 
provide opportunities to understand the skill 
of the mechanisms in CLM
 



Postdoctoral Positions at University 
of Michigan

Please contact: gkeppela@umich.edu

NASA-funded project to understand the role of soil moisture in 
controlling carbon and energy fluxes

— CLM5
— SMAP (Soil Moisture Active Passive) satellite
— SIF (solar-induced fluorescence) from satellites

NASA-funded project to understand the amplification of the CO2 
mean annual cycle

— CESM
— CO2 from flasks, aircraft, TCCON
— GEOS-Chem atmospheric transport model


