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one-photon resonant steps to sufficiently 
high levels at which electron-vibration cou­
pling allows effective conversion of vibra­
tional excitation to electronic excitation. 
The radiative decay of the electronic exci­
tation then results in the observed lumines­
cence. Our preliminary results indicate that 
MPE is effective only when it occurs via the 
vibrational ladder of SiHx but not via the 
OSiHx stretch ladder. 

There are substantial differences be­
tween the problem encountered with po­
rous Si and the commonly studied MPE of 
polyatomic molecules. Each Si cluster con­
sists of a large number (^106) of Si atoms 
that form a core and a large number (~104) 
of H atoms passivating its surface (8). The 
valence electrons in the nanocrystal are 
delocalized. The SiHx stretch peaks in the 
vibrational spectrum are certainly inhomo-
geneously broadened, and their vibrational 
lifetimes could be much longer than the 8-
to 25-ps pump pulsewidth used in our ex­
periment. The higher excited states of the 
SiHx vibrations should have shorter life­
times. However, only when their lifetimes 
become shorter than the pump pulsewidth 
can they be considered to be effectively 
coupled with other vibrational modes of the 
system to form a quasi-continuum with a 
density of states that increases rapidly with 
energy. Tr>e 'observed Iin

5 dependence of 
the luminescence output from our porous Si 
sample at long excitation wavelengths sug­
gests that the effective quasi-continuum 
starts at —1.25 eV, because it takes a direct 
five-photon absorption of ~4.9-|xm (0.25 
eV) radiation to reach the quasi-continu­
um. An overall seven- to eight-photon ab­
sorption is needed to induce a single lumi­
nescent photon at 600 to 700 nm. 

For the observed excitation spectra in 
Fig. 5, we offer the following explanation. 
The excitation spectrum, F(co), of a five-
photon excitation process up a vibrational 
ladder can be described by 

F(<o)= P ({7} ) r iG^ ( + i(<o,{-Y})d{7} 

where co is the angular frequency, G- _^. + ^co) 
is the homogeneous lineshape of the vibra­
tional transition from v = i to v = i + 1, {7} 
is a set of parameters describing the local 
environment, and P({y}) is the distribution 
function of {7}. We expect the linewidth of 
G (co) to increase appreciably with the 
increase of i and pump intensity because of 
power broadening. If the vibrational anhar-
monicity is large, with only weak overlap 
between G- ^co) and G. + 1 2(co), 

G; _̂  . + ^co) and Gt + 1 _̂  t + 2(o>) due to 
power broadening becomes significant, 
then the peak of F(co) should experience a 
red shift. This is the case of MPE via the 
vibrational modes at about 2110 c m - 1 

(Fig. 5). In the latter case, an alternative 
explanation is that the homogeneous line-
width is always larger than the anhar-
monic shift, but this is not likely consid­
ering that the known anharmonicity of 
SiH-stretch vibration for H/Si( 111) is 
- 7 0 cm- 1 (12). 

We expect MPE-PL to be a generic pro­
cess that could occur in many semiconduc­
tor clusters. Efficiency of MPE-PL via 
pumping up a vibrational ladder depends on 
the character of the vibrational mode and 
its coupling with the carrier excitation. 
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Carbon Dioxide Uptake by an Undisturbed 
Tropical Rain Forest in Southwest 

Amazonia, 1992 to 1993 
John Grace,* Jon Lloyd, John Mclntyre, Antonio C. Miranda, 

Patrick Meir, Heloisa S. Miranda, Carlos Nobre, John Moncrieff, 
Jon Massheder, Yadvinder Malhi, Ivan Wright, John Gash 

Measurements of carbon dioxide flux over undisturbed tropical rain forest in Brazil for 55 
days in the wet and dry seasons of 1992 to 1993 show that this ecosystem is a net 
absorber of carbon dioxide. Photosynthetic gains of carbon dioxide exceeded respiratory 
losses irrespective of the season. These gains cannot be attributed to measurement error, 
nor to loss of carbon dioxide by drainage of cold air at night. A process-based model, fitted 
to the data, enabled estimation of the carbon absorbed by the ecosystem over the year 
as 8.5 ± 2.0 moles per square meter per year. 

then the peak of F(co) is dominated by 
G0 _̂  ^co). This is the case for MPE at low 
pump intensities (Fig. 5). If with higher 
pump intensities, the overlap between 

M o s t of the world's tropical forest is ma­
ture and undisturbed, and little is known 
about its carbon balance. Ecologists consid­
er that in an unvarying environment, un­
disturbed ecosystems are in a steady state 
such that photosynthetic gains are balanced 
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by respiratory losses due to death and de­
composition. However, the terrestrial bio­
sphere may be undergoing fertilization as a 
result of increasing concentrations of C 0 2 

coupled with higher deposition rates of 
nitrogen (1, 2). If this is the case, undis­
turbed tropical forest may be a large sink 
of C 0 2 because of its huge area (3), 10 X 
1012 m2. Now we report direct measure­
ments of C 0 2 flux over tropical rain forest 
in the Brazilian Amazon, to test the hy­
pothesis that virgin forest sequesters car­
bon from the atmosphere. 

We measured fluxes of C 0 2 , water va­
por, and sensible heat over undisturbed for­
est (4) at Reserva Jam, Rondonia, Brazil 
(10°04.84'S, 61°56.60'W), during the dry 
and wet seasons (September 1992 and April 
to June 1993, respectively). An eddy co-
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Day of year 1993 

Fig. 1 (left). Eddy covariance data showing CO, fluxes over forest at Resenla Jaru 
for 44 days stalting 9 May 1993, and their accumulated total. Fig. 2 (right). 136 138 140 142 
Examples of the diurnal cycles of net ecosystem CO, flux (top panel), obtained 
from the flux measured above the canopy (bottom panel, solid line) and the hourly changes in storage of CO, within the canopy air space (bottom panel, 
Data are for the period 15 to 23 May (days 135 to 143). 

variance system (5, 6) mounted 15 m above 
the 30-m-tall forest was used to measure the 
fluxes over an  area of about 1 km2. 

Each diurnal cycle of carbon flux shows 
net uptake during daylight of 5 to 20 pmol 
m-2 s - ~  and a variable night-time efflux 

(Fig. 1). A feature of most days was a large 
spike of CO, leaving the canopy in the 
early morning. This spike was associated 
with the onset of turbulent conditions that 
followed calm nights and a corresponding 
decline in the concentration of CO, in the 
canopy as the  air was flushed out. These 
spikes often exceeded 20 pmol m-2 spl  
sustained over 1 hour. There was consider- 
able day-to-day variation in net (24-hour) 
flux, but 33 days out of 44 showed a down- 
ward net flux (from the atmosphere to the 
forest). The 11 days when the system lost 
carbon coincided with e~isodes of cool. 
cloudy, and windy weather in mid-May, 26 
to 27 May, and 9 to 11 June. Accumulation 
of carbon over the 44-day period was 2.0 
mol mp2 (Fig. 1). A n  error analysis, com- 
bining a possible 10% systematic and 10% 
random error on each half hour-averaged 
flux measurement, suggested an uncertainty 
of 20 .5  mol m-'. A simllar accumulation 

Fig. 3. Agreement be- -20 
tween modeled and mea- 
sured CO, fluxes. All data -7 
were selected to exclude 
periods of rapidly fluctuat- E 
ing solar radiation and wet -10 
weather, and wind direc- s 
tions from 170" to 260°, g 
(Inset) Agreement be- = 
tween actual (solid line) g 
and modeled (broken line) 
carbon accumulation. e 0 

a s 
10 

10 

rate was observed at Jaru during the dry 
season 17). ~, 

To  demonstrate the diurnal pattern of 
CO, assimilation and respiration of the for- 
est, we added the hourly changes of in- 
canopy CO, storage (8) to the hourly 
above-cano~v fluxes. The result shows that 

L ,  

photosynthesis was maximal in the first part 
of the morning, well before the peak in solar 
irradiance (Fig. 2). By 16:OO the canopy was 
typically in a state of carbon balance; during 
the night, respiration was about 6.5 pmol 
m-2 sp'. The data on night respiration 
were examined for a possible error in which 
CO, flux is "lost" when cold air drains awav 
fro; a raised site (9). This effect was no; 
detectable: moreover, the total night r e s ~ i -  - 
ration measured was not significantly differ- 
ent from that estimated independently by 
chambers attached to. the soil, stems, and 
leaves (9). 

We related fluxes to diurnal changes in 
light, humidity, and temperature by fitting a 
model to the flux data (10). The model 
incorporates current understanding of tur- 
bulent transfer of CO, through the bound- 
ary layer (1 1 ), and diffusion of CO, through 
the stomata (12, 13) and ultimately to the 

0 -10 -20 

Modeled C02 flux (pmol m-2 s-I) 

circles). 

sites of carboxylation (14-16). Respiration 
from soil, stems, and branches was specified 
in this model with field data collected from 
the site (17). The model fitted the obser- 
vations well (Fig. 3) ,  and the plot of calcu- 
lated carbon accumulation showed the 
same features as the actual carbon accumu- 
lation (Fig. 3, inset). 

Using climatological data from the top 
of the observation tower (18), we then ran 
the model for a whole year (1  July 1992 to 
30 June 1993). Over this period the model 
estimated a carbon accumulation of 8.5 + 
2.0 mol m-2 for the area of rain 
forest examined. A n  earlier studv in central 
Amazonia came to a similar conclusion (7). 
Such accumulation rates demonstrate the 
potential of the region to act as a carbon 
sink. If all the rain forest of the Amazon 
Basin ( 5  X 10" m2) were behaving in the " 

same way as Reserva Jaru, the carbon accu- 

Days after 30 June 1992 

Fig. 4. Sensitivity analysis of the model. The mod- 
el was run over an entire year, with I-hour time 
steps, with the 1992 to 1993 climatological data 
as the standard run (this year was colder than 
usual, and may have been influenced by the erup- 
tion at Mount Pinatubo). Then the climatological 
input data were modified to explore the effect of 
increasing radiation and temperature, either sep- 
arately or together. The run labeled +4% radia- 
tion, 0.5"C represents a best guess at an average 
year. 
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mulation in the Basin would be 45 x 10" 
mol year-' or 0.56 Pg year-'. For compar- 
ison the Commonwealth Scientific and In- 
dustrlal Research Oreanlzation-GASLAB 

u 

flask experiment provides independent ev- 
idence that the whole of tropical South 
America may act as a carbon sink, by as 
much as 2 Pg per year in 1986 to 1987, but 
not in all years (19). Theoretical models of 
the effects of enhanced storage of carbon in 
terrestrial biomass as a result of increased 
CO, concentrations on net ecosystem flux- 
es predict a net influx of about 1 Pg yearp1 
for all of the tropics (20, 21 ). 

Anthropogenic emissions of CO, amount 
to 5.7 Pg of carbon per yearp1 as fossil fuel 
burning and about 2 Pg of carbon per year as 
deforestation (22, 23), whereas the annual 
increase in carbon as atmospheric C 0 2  is 
only 3.5 Pg of carbon per year. It is presumed 
that the difference of about 4.2 Pg of carbon 
per year is distributed between the oceans 
and the terrestrial vegetation. Secondary for- 
est, regrowth areas, and plantations are con- 
sidered to be important candidates for terres- 
trial sinks (24, 25), but the present study 
suggests that the undisturbed forest may be 
more imnortant. Year-to-vear fluctuations in 
the carbon balance caused by climatic anom- 
alies may be considerable, contributing to 
the interannual variation in the rate of CO, 
increase (26).,For example, during 1992 to 
1993 when our measurements were being " 
made, the global environment may have 
been influenced by aerosols from the erup- 
tion of Mount Pinatubo, which reduced the 
solar irradiance by 4% and decreased the 
temperature by about 0.5OC (27). We inves- 
tigated the sensitivity of the model to chang- 
es of this magnitude (Fig. 4). The result 
suggests great sensitivity to temperature. Part 
of the accumulated 8.5 mol of carbon per 
sauare meter of 1992 to 1993 mav have been 
a iesult of cooler-than-normal tkmperatures 
in that year. 
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Dynamic Contribution to Hemispheric 
Mean Temperature Trends 

John M. Wallace, Yuan Zhang, James A. Renwick 

On the basis of land station data from the Northern Hemisphere, it was determined that 
roughly half of the temporal variance of monthly mean hemispheric mean anomalies in 
surface air temperature during the period from 1900 through 1990 were linearly related 
to the amplitude of a distinctive spatial pattern in which the oceans are anomalously cold 
and the continents are anomalously warm poleward of 40 degrees north when the 
hemisphere is warm. Apart from an upward trend since 1975, to which El Nifio has 
contributed, the amplitude time series associated with this pattern resembles seasonally 
dependent white noise. It is argued that the variability associated with this pattern is 
dynamically induced and is not necessarily an integral part of the fingerprint of global 
warming. 

M u c h  of the effort in the monitoring of 
hemispheric and global temperature trends is 
focused on the analysis of spatially averaged 
monthly time series such as the one present- 
ed in the top panel of Fig. 1 (1). The large 
month-to-month scatter inherent in such 
time series tends to obscure whatever inter- 

Department of Atmospheric Sciences, Box 351 640, Unl- 
verslty of Washington, Seattle, WA 98195-1640, USA. 

decadal variability may be present, and it 
introduces large uncertainties into estimates 

of the current trends. It can be reduced by 
temporal smoothing, but only at the expense 
of the time resolution of the record. Here we 
show that most of this scatter can be identi- 
fied with a distinctive spatial pattern of tem- 
perature fluctuations that is anchored to the 
land-sea distribution. 

In the following, overbars denote spa- 
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