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Measuring the C 
balance of the 
Tapajós Forest:

the good old-
fashioned way, 
with biometric 
forest data, … dendrometers, 1000 trees

dbh tapes, 2800 trees

quantify woody debris, 
coarse

fine, and litter



…and the new way, with eddy flux measurements

Engineer Bruce C. 
Daube at the lower of 
two on-tower, closed-
path eddy flux systems, 
Tapajós Forest, Km 67.
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• Biometric methods for C balance:

+ what you see is what you get; long-term average; biological factors, 
disaggregation; technologically simple

-response to environmental forcing factors, below-ground 
inaccessible, aggregation errors

•Eddy flux methods for C:

+ response to environmental forcing factors, below-ground included; 
aggregation included. 

-long term averages require validation; technologically intensive; 
limited disaggregation

Validation against independent ecosystem-scale data
• continuous soil flux chambers (Crill and Keller)
• continuous atmospheric Rn measurements (Martens and Shay)
• eddy flux and biometric data from Km 83 control period (Goulden, 
de Rocha)

Steven C. Wofsy
the presentation brings together all of these for the first 1+ years of data from km 67 [there was not time to present the comparisons between 67 and 83, but these are shown in the proposal.]
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Hourly time series of data from the 
Primary Forest eddy flux tower at km 
67 in Tapajós National Forest:  (A) 
Eddy flux of CO2 for eddy1 (58m) and  
eddy2 (47m); (B) friction velocity (u*); 
(C) mean CO2 concentration 0-60m 
("canopy storage"); (D) net ecosystem 
exchange (NEE = Eddy flux + 
d/dt<storage>); and (E) temperature 
profiles.   On windy nights (days 100-
102, U*>0.2 m/s (B)) CO2 efflux (A) is 
strongly positive, temperature profiles 
(E) are well-mixed; CO2 storage (C) is 
low, and NEE (D) ≈ flux (A). On calm 
nights (104-105), flux (A) and u* (B) 
are virtually zero, temperature profiles 
(E) are stratified, and CO2 storage is  
high, causing NEE to be significantly 
higher than eddy flux.  
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Storage Flux Relationship between friction velocity (u* = √(-1 x momentum 
flux) and measured values of nighttime NEE at 58 m (left) 
and its components, eddy flux (middle) and storage flux 
(right).  As U* → 0, eddy flux decreases and storage flux 
increases as expected, but their sum (NEE) declines 
somewhat for u* < 0.2 m/sec.  The associated  “lost flux” is 
relatively small at this compared to some other LBA sites, 
amounting to roughly 1 ton C/ha/year between filtered and 
unfiltered data.
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Eddy flux data:  
Cumulative carbon balance

Tapajós old-growth forest
2.2 tC/ha

uptake

release

Seasonal cycle of night-
time respiration

Seasonal cycle of 
rainfall

Steven C. Wofsy
notes: There is uptake in the dry season and emission in the wet season; the seasonal cycle is opposite of what is expected, and opposite from tree growth rates.  Also the difference with/without u* filter is modest because we are keeping almost half of nighttime data.(below) A summary of nightime data shows the seasonal cycle is driven by respiration (decomposition) and that there is a very fast, dramatic response when the rains start.  This feature is confirmed very clearly by the Crill/Keller respiration data.



1st Comparison:

eddy flux data (1 year) 

with 

forest ecological and biometric data (2 years)  
(measurements from Harvard, CENA)



Biometry plots upwind of flux tower, 
with locations & sizes of all trees >35cm DBH

Transects 
(from 35 cm DBH)

(inset) Coarse Woody Debris Plots

Legend for CWD Plots

plot size of wood # area

> 30cm

10 - 30 cm

2 - 10 cm

32

64

64

1200 m2

25 m2

1 m2

tower

(20 ha, 2800 trees, stratified)

N

Steven C. Wofsy
We have measured and identtified all trees > 10 cm in our plots, w\ith the plot areas spread out along 1 km transects, totalling 20 ha for the big trees (+/-25 m from the center line) and 4 ha for the small ones (+/- 5 m).   2800 trees total for sequential DBH and 1000 trees with dendrometers for weekly obs.



Biometric Carbon Budget at Tapajos Forest two-years of measurements. 
The forest shows net release of carbon to the atmosphere, as a consequence of 
losses from the pool of dead biomass in excess of growth.

Total aboveground (Mg C ha-1) A B C

Live Biomass (n=2799) 145.3 (±5.7) 155.5 (±8.8) 161.9 (±11.3)

Dead Biomass (n=1000) 32.6 (± 3.6) 41.4 (± 4.8) 43.8 (± 4.8)

Range of Total Pool 177.9 (±6.8)  to 205.7 (±11.9)

Components flux (Mg C ha-1 yr-1) Range

Live Flux (1000 dendro's, 2800 repeat DBH) +1.1 to 1.5

Dead Flux (CWD x Decay class x kd) -1.7 to -6.0

Total Flux (Mg C ha-1 yr-1, losses) -0.2 to -4.9    -0.9 eddy

choice of allometry

fl
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Steven C. Wofsy
C161.9 (±11.3)43.8 (± 4.8)205.7 (±11.9)

Steven C. Wofsy
The blue box shows Jeff Chambers allometry, the best since it's for Amazonian trees, and the dead biomass uses his densities and decay rates.  This site is roughlyh 90th percentile in dead wood, with a good deal of it standing, suggesting significant excess mortality recently.

Steven C. Wofsy
Note the close comparison between the biometry and the eddy flux--a big deal!  Also, confirmation from boht that the system is losing carbon.



Live biomass - recruitment (Mg C/ha/yr)
Live biomass - growth (Mg C/ha/yr)
Live biomass - mortality (Mg C/ha/yr)
Dead biomass - inflow from live biomass mortality (Mg C/ha/yr)
Dead biomass - decomposition (Mg C/ha/yr)
Net Flux(Mg C/ha/yr)

Live Biomass Dead Biomass Net Flux
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C. Net Flux for the 
Tapajos Forest between 
1999 and 2001.  The 
magnitude of the net flux 
is dependent on the 
density and turnover time 
of the dead biomass.  
Calculations were made 
using a range of literature 
values for ρ and k. 
All indicate negative 
net flux(loss) over the 
two year interval.
(Turnover times were 
based on Chambers et al. 
2001a, density values 
were based on Clark et al. 
2002 and Delaney et al. 
1998). 

ne
t 

C
 lo

ss
| n

et
 u

pt
ak

e

mortality

growth

recruit

range of 
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biometry
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Carbon fluxes in live and dead biomass

Steven C. Wofsy
Shows the contributions to the net flux, eddy and biometry independently.Note the important internal consistency between the dominance of respiration/decay in the eddy flux and the role of necromass decomposition in the biometry.
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2nd Comparison:

eddy flux data

with 

continuous soil flux chamber data                   
(measurements from Crill, Keller, de Mello)
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Steven C. Wofsy

Steven C. Wofsy
ignore thjs hour, sun is up!

Steven C. Wofsy
Note the strong consistency between the seasonal and diurnal variations for soil flux and night eddy.  NB soil flux excludes CWD [coarse woody debris] decomposition.



Day (1/1/2001=1)
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Steven C. Wofsy
The respiration budget bottom up compared to eddy flux.  Soil flux from Crill/Keller.  The CWD is from our biometry with Chambers decay rates by decomposition class.  The leaves and boles are from Jeff Chambers in Manaus, which seem to agree with the UNH data for our site.  The apparent balance is really something rare and unexpected.  The error bars we have not worked out yet.Note that with no U* filter we would have 5-6 umoles/m2/s, which cannot be accomodated by the bottom-up analysis!  see next slide.
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3rd Comparison:

eddy flux data

with 

continuous atmospheric radon (Rn) measurements 
(Martens, Shay, Moraes, Menlovitz, Crill, Moura)
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(<Rn> -Rnt ) =0.011 + 0.0028·(<CO2>-CO2-t ), R2=0.8  . Radon data from C. Martens, T. Shay, and O. Moraes.  

b

Steven C. Wofsy
The coherence between Rn and CO2 vertical content is very strong and consistent.  We can derive a linear relationship between the two.  The slope gives the ratio of "transport flux" (see below).



Independent CO2 Net Ecosystem Exchange can be 
derived from atmospheric and soil emission data 
for Rn, plus atmospheric concentrations of CO2
(omitting reference to eddy flux data)(night only).

X
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X
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X
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X
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X
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X
X

X
X

X
X

X
X

X
X

X c

hatmospheric transport flux =

surface (soil) flux – storage flux

Rn: surface (soil) flux = storage flux + 
atmospheric transport flux

measured directly

NEE = (1/h) ∂/∂ t ∫ CO 2 dz + b × Rn-transport flux

Steven C. Wofsy
Starting with the Radon time series and the soil flux of Radon (measured), be can do a simple analysis that relates the input flux, the change in 1 hour of the storage, and the total transport out of the volume.

Steven C. Wofsy
<<===    !!!



Steven C. Wofsy
Analysis of CO2 night fluxes using Radon:  the black curve shows the night NEE derived from the Radon analysis, the proportionality of the Rn and CO2 transport fluxes, and the amount of CO2 in storage [EDDY FLUX NOT USED!].  The grey line is the night NEE from eddy flux and CO2 storage with U* filter.  The red line is without the filter.  The difference bewteen the filter and Rn analyhsis is less than 1 tonC/ha.Nobody has ever been able to do anything like this before.  The Rn data are really a deal, and this analysis provides a level of confidnece not attainable anywhere else beofre.



Summary and Conclusions

1. The Tapajós old growth forest is losing carbon to the atmosphere. 
Trees are growing rapidly, but high mortality and decay of the large 
pool of CWD more than offsets growth.  This result may be the 
legacy of ENSO events of the 1990's (cf. ecological plots…).

2. The seasonal dependence of Net Ecosystem Exchange shows uptake 
in the dry season and loss in the wet season. It's opposite to tree 
growth rates, due to the dominance of decomposition processes.

3. The carbon budget of the forest from eddy flux measurements, 
including application of a U*-filter derived from site data, is tested 
and validated by detailed comparison with three other data sets of:  
biometry/forest mensuration, continuous soil fluxes, and 
continuous measurements of atmospheric Rn.  Comparison with 
km 87 data provides additional confirmation. The results represent a 
collaboration among the numerous groups doing research in 
LBA at km 67. 


