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We report results from the first three years (1999-2001) of continuous measurement of net 
ecosystem CO2 exchange (NEE) over a mixed hardwood forest at the University of Michigan 
Biological Station AmeriFlux site (UMBS~Flux). Two methods were used to fill data gaps due 
to missing observations or rejection by quality control. 1) Using short-term ensemble averages 
of the daily course, and 2) by semi-empirical parametric models, based on the relationship 
between ecosystem respiration and soil temperature, and between gross ecosystem 
photosynthetic uptake and photosynthetically active radiation. 

Differences in estimated annual net ecosystem production (NEP) due to different criteria 
of data acceptance, measurement height, or gap-filling methods were as large as the interannual
variation in NEP over the three years. Our best estimate of annual NEP was achieved at a 
measurement level of 2.1 times canopy height and by replacing data gaps and measurements 
during low-u* conditions with site and period specific parametric models,. These estimates of 
annual NEP were 170 g C m-2 (1999), 160 g C m-2 (2000) and 80 g C m-2 (2001).
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Abstract:

• The forested ecosystem surrounding the UMBS~Flux  tower has been a consistent 
carbon sink of moderate strength over the last three years. We estimated an annual NEP 
of 170 g C m-2 in 1999, 160 g C m-2 in 2000, and 80 g C m-2 in 2001, totaling 410 g C m-2

for these three years. This interannual variation in NEP underscores the importance of 
obtaining long-term observations of ecosystem exchange, spanning the relevant climatic 
and ecophysiological time scales involved.

• The choice of data quality control criteria and gap-filling methods can affect estimates of 
annual NEP by a factor of two.

• Differences in estimated annual NEP due to measurement height were as large as the 
observed interannual variation in NEP, and were consistent in each of the three years. 
Work is underway to determine the causes of these height related differences in 
estimated NEP. 

• Cospectral corrections show that high-frequency losses due to tube damping are much 
greater for latent heat flux than for CO2 flux, especially for aged tubes. Thus, care should 
be taken in correcting carbon fluxes using energy imbalance based methods.
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Summary:

Site & Instrumentation:
The UMBS~Flux site is at the 

University of Michigan Biological 
Station (45°33'35.4''N, 84°42'49.7''W) in 
northern lower Michigan (Fig. 1). It is in 
the transition zone between mixed 
hardwood and boreal forests on a level to 
gently sloping high outwash plain derived 
from glacial drift. Soils are mostly 
excessively drained spodosols.

Data for this study were collected on a 
46 m tower in a secondary successional
hardwood forest (mean canopy height 
~22 m). The minimal forest fetch, to 
Douglas Lake in the north, is 1 km. The 
terrain gently drops (~ 20 m over 1 km) 
to Douglas Lake and to Burt Lake (3.5 
km to the southeast), but rises ~20 m over 
1 km to the southwest, before dropping 
abruptly in a steep escarpment formed by 
an interlobate moraine.

Bigtooth aspen-Populus grandidentata
and trembling aspen-P. tremuloides
dominate within a 1 km radius of the 
tower. In a 1.1 ha plot surrounding the 
tower, total aboveground biomass was ca. 
125 tons ha-1, typical of forests on soils of 
intermediate fertility in northern lower 
Michigan (Table 1). 

The micrometeorological instrumentation is  
organized into two observation levels for flux 
measurements: 46 m and 34 m, corresponding to 
2.1 and 1.5 times canopy height (Table 2).

Growing season length was very similar 
across these three years (Table 3, Fig.2). 
Vegetation area index (VAI) was measured in 
the 1.1 ha plot using a LiCor LAI-2000 plant 
canopy analyzer.  In 1999, bud-break was 
observed May 1 (day 121). VAI increased 
rapidly until May 26 (day 146), when the first 
full sized leaves were observed and VAI was 
about 90% of its peak value. After that, 
increases in VAI were gradual and maximum 
VAI of ~3.3 was reached near the end of June. 
Canopy development in 2000 and 2001 was 
very similar, although in 2002 leaf out was 
delayed and a greater maximum VAI was 
observed. Figure 2: Seasonal course of vegetation area index (VAI) for 1999 - 2002 in the 1.1 ha 

main plot measured with a LI-COR LAI-2000 Plant Canopy Analyzer.  Each point 
represents the mean VAI measured along multiple transects.  

Figure 3: Hourly CO2, latent and sensible heat fluxes, net radiation, PAR (all measured at the 
46 m level), and soil heat flux from 1999 to 2001.

Figure 4.  Ensemble-average of daily course of eddy-covariance fluxes of CO2, sensible and 
latent heat, net radiation, PAR, soil heat flux and soil temperature at 2 cm depth in July 1999 
(crosses) and 2000 (open symbols). The panel for CO2 flux also shows the mean daily course 
of the gap-filled fluxes, using the u* criterion described in the text. Vertical bars indicate one 
standard error around the mean.

There were no significant gaps in our 
measurements of carbon, water and energy fluxes 
from 1999 to 2001. Mid-summer water stress 
occurred in both 2000 and 2001 as illustrated by the 
reduction in hourly latent heat fluxes (Fig. 3). This 
was also seen in reduced daytime carbon uptake 
and increased sensible heat fluxes (Fig. 4). 
However, net radiation, PAR, short-wave radiation 
and soil heat fluxes were similar in July for these 
three years. Soil temperature in 2000 and 2001 was 
cooler than 1999, leading to reduced soil respiration 
and gross photosynthetic uptake. Little difference 
was observed in the ensemble average of CO2
storage fluxes estimated from measurements of 
concentration profiles (Fig. 5). 

Figure 6: Fraction of expected nighttime 
ecosystem respiration (modeled) accounted 
for by the measured eddy-covariance flux of 
CO2 and storage change vs. friction velocity. 

Table 4. Net ecosystem exchange estimated using different analysis 
criteria. The numbers in bold are considered our best estimates of NEP. 
Values are rounded to the nearest 10 g C m-2.

Figure 7:  Annual NEE estimates at UMBS~Flux for 1999-2001. The curves 
represent the best estimates of cumulative NEE, where data gaps and 
measurements in low u* conditions were replaced by parametric model values at 
all times. The dots are measured hourly CO2 fluxes for the year 1999.

The u* threshold for rejecting nighttime 
measurements was 0.35 m s-1 (Fig. 6). The 
consequences for annual estimates of NEP of 
replacing rejected measurements with modeled values 
is shown in Table 4, as are differences using various 
data rejecting criteria.

Consistent differences in estimated annual NEP 
from measurements at the two heights were also 
observed (Table 4, Fig. 7), with 34 m yielding greater 
annual NEP over each of the three years. Interannual
variation was similar at both heights, but of a smaller 
or similar magnitude as differences between heights. 

Figure 5: Average diurnal courses of CO2
storage flux in the canopy air layer during the 
growing season 1999 to 2001. 

Figure 8:  Year to year variations in the ensemble-averaged diurnal course of CO2 (FCO2) 
and latent heat (LE) fluxes, their corrections ∆FCO2 and ∆LE, and corrected fluxes. Data 
shown are for June through August at the 46 m level.

Figure 9:. Increase in the slope of the linear fit (forced through the origin) of 
H+LE versus RN-G as a result of co-spectral correction to LE. Data shown 
are for June through August at the 46 m of the MMSF tower (H sensible heat, 
RN net radiation, G soil heat flux - uncorrected).

Cospectral corrections for high 
frequency losses due to tube-damping for 
CO2 fluxes were ~3-4% in the daytime 
and 6-10% at night (Fig. 8). Corrections 
for LE fluxes were much greater,  < 10% 
for newer tubes and > 20% for aged 
tubes, with a significant impact (~15%) 
on the energy balance closure (Fig. 9). 
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