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Cover page: B34 tower in early morning fog.



VRIJE UNIVERSITEIT

Spatial variation of CO2 fluxes
and lateral transport in an area
of terra firme forest in central

Amazonia

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad Doctor aan
de Vrije Universiteit Amsterdam,
op gezag van de rector magnificus

prof.dr. L.M. Bouter
in het openbaar te verdedigen

ten overstaan van de promotiecommissie
van de faculteit der Aard- en Levenswetenschappen

op dinsdag 26 mei 2009 om 13.45 uur
in de aula van de universiteit,

De Boelelaan 1105

door

Alessandro Carioca de Araújo
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Chapter 1

Introduction

1.1 Global awareness

The increase in global average air and ocean temperature, widespread melting of snow
and ice and rising global average sea level have shown that warming of the climate
system is now unequivocal [IPCC, 2007]. The main cause of this warming is the al-
teration of the energy balance of the climate system, which is caused by changes in
atmospheric concentration of greenhouse gases (GHGs) and aerosols, land cover and
solar radiation. Changes in atmospheric concentration of GHGs and aerosols, and land
cover are driven mainly by human activities, whereas that insolar radiation by natural
causes [IPCC, 2007]. The main GHGs,i.e., carbon dioxide (CO2), methane (CH4)
and nitrous oxide (N2O), have increased markedly since 1750 and now far exceed pre-
industrial values determined from ice cores spanning thousands of years [Figure 1.1;
IPCC, 2007, Schlesinger, 1997]. According to the Fourth Assessment Report (FAR)
of the Intergovernmental Panel on Climate Change (IPCC), this is mainly due to fossil
fuel use, land-use change and agriculture [IPCC, 2007]. In addition, it has become
evident that humankind is embarking on a geophysical experiment never seen before
in the history of the Earth,the anthropogenic era[Crutzen, 2001].

1.2 Anthropogenic CO2

CO2 is the most important GHG because it is a long-lived gas, has the highest global-
average radiative forcing (about 1.7W m−2), and is essential for the photosynthesis
process in both terrestrial and aquatic ecosystems [Hofmann et al., 2006, IPCC, 2007,
Schlesinger, 1997].

Currently, about 10Pg carbon (C) is released into the atmosphere as CO2 each year
by fossil fuel burning and deforestation [Baker, 2007]. Less than half of this carbon
stays in the atmosphere. The rest is taken up by the oceans andthe terrestrial biosphere.

A global continuous direct atmospheric carbon dioxide concentration ([CO2]) mea-
surement network was implemented in 1980. Particularly in the last decade (1995–
2005), the mean annual growth rate of global [CO2] was 0.5 ppm higher than that
observed during the first decade of measurements. The same trend was observed at the
Mauna Loa observatory, where measurements started in 1958 [Figure 1.2; Keeling et al.,
1976, Thoning et al., 1989, Masarie and Tans, 1995, Conway etal., 2007, IPCC, 2007].
In 2005, the global [CO2] was about 80 ppm above the maximum of the natural range

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Atmospheric concentrations of CO2, CH4 and N2O over the last 10,000
years (large panels) and since 1750 (inset panels). Measurements are shown from ice
cores (symbols with different colours for different studies) and atmospheric samples
(red lines). The corresponding radiative forcings relative to 1750 are shown on the
right hand axes of the large panels (source: IPCC [2007]).
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Figure 1.2: Annual mean atmospheric CO2 concentration growth rates based
on globally averaged marine surface data and for Mauna Loa, Hawaii, USA
(Source: Pieter Tans, Earth System Research Laboratory, Global Monitoring Division,
http://www.esrl.noaa.gov/gmd/ccgg/trends/).

observed on Earth during the last 650,000 years as determined from ice cores [IPCC,
2007].

1.3 The role of terrestrial ecosystems

The exchange of carbon as gaseous CO2 between ecosystems and the atmosphere re-
flects the balance between photosynthesis by plants and respiration by plants, animals,
and microbes. This balance, called net ecosystem production (NEP) or net ecosys-
tem exchange (NEE), has become a critical characteristic ofterrestrial ecosystems be-
cause of the substantial increase in [CO2] in the Earth’s atmosphere [Aber and Melillo,
2001]. Through this delicate balance between photosynthesis and respiration, terres-
trial ecosystems, and in particular forests, are today thought to take up a significant part
of the CO2 emissions in the atmosphere, sometimes called theterrestrial carbon sink.
This could be inferred from the latitudinal and temporal distribution of [CO2] in the ma-
rine boundary layer (NOAA/ESRL 2008, available at http://www.esrl.noaa.gov/gmd/
PhotoGallery/GMD Figures/ccggfigures/; Figure 1.3), which does not only show the
continuous long-term increase in [CO2] – indicating an imbalance between sources and
sinks of CO2– but also the annual cycle in [CO2], which declines in spring and summer
and increases in fall and winter. The latter is tied to the seasonality of photosynthesis
and decomposition in the northern hemisphere, which shows much less variation in the
southern hemisphere [Figure 1.3; Bolin, 1963, Keeling et al., 1976, Tans et al., 1990,
Ciais et al., 1995, Aber and Melillo, 2001].

Understanding the spatial patterns of carbon fluxes on land and ocean and in the
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Figure 1.3: Latitudinal and temporal distribution of atmospheric carbon dioxide con-
centration in the marine boundary layer (Source: Pieter Tans, Earth System Research
Laboratory, Global Monitoring Division, http://www.esrl.noaa.gov/gmd/ccgg/trends/).

atmosphere is essential to inform the policymakers. However, our current knowledge
of spatial patterns is still uncertain [Valentini et al., 2000, Schimel et al., 2001, IPCC,
2007]. For example, the strength of the terrestrial biosphere carbon sink is a matter of
ongoing debate. In the last decade, the northern-mid latitudes were considered a strong
sink (about 2–4Pg C y−1) and the tropical land a strong source [Ciais et al., 1995,
Schimel et al., 2000, about 1–2Pg C y−1]. However, Stephens et al. [2007] argue that
the uptake by northern land may be closer to 1.5Pg C y−1 and the release of CO2 by
tropical land is about 0.1Pg C y−1. This suggests a carbon sink in tropical land regions
of about 1Pg C y−1.

With an increasing need to understand the role of the terrestrial biosphere in the
global carbon cycle, it is critical to develop a clear understanding of the spatial and
temporal scales in which various processes operate [Canadell et al., 2000]. This re-
quires the integration of multiple, complementary and independent methods that are
used by different research communities. For example, top-down studies such as air
sampling networks, inverse and forward modeling techniques, and remote sensing that
allow assessing the strength and location of the global- andcontinental-scale carbon
sources and sinks [Canadell et al., 2000, Bonan, 2008]. These approaches make it clear
that there are consistencies in the response of the terrestrial biosphere to natural cycles
like El Niño Southern Oscillation (ENSO) droughts, as well as to anthropogenic forc-
ing such as increased atmospheric [CO2] or nitrogen (N) fertilization [Canadell et al.,
2000, Canadell and Raupach, 2008]. In addition, bottom-up studies such as flux tow-
ers and stand experiments that provide estimates of carbon fluxes at finer spatial scales
and examine the mechanisms that control fluxes at the ecosystem, landscape, and re-
gional scales. Yet, bottom-up approaches include comparative and process studies (e.g.
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ecosystem manipulative experiments) that provide the necessary mechanistic informa-
tion to develop and validate terrestrial biospheric models. For example, with increas-
ing [CO2] plants are expected to fix more carbon in photosynthesis andthereby in-
crease the production of biomass [Matamala and Schlesinger, 2000, Ziska et al., 2001].
They may also increase their water-use efficiency (WUE) by maintaining the same rate
of photosynthesis at lower stomatal conductance [Bazzaz, 1990, Schlesinger, 1997].
However, long-term, free-air CO2 enrichment (FACE) experiments have shown that
increased uptake of atmospheric CO2 by plants will not necessarily result in increased
transfer to long-lived ecosystem pools such as woody biomass and recalcitrant soil car-
bon. These experiments have also shown that plants may not reduce water uptake by
closing their stomata in response to elevated [CO2] [Ellsworth, 1999, Korner, 2000,
Schlesinger and Lichter, 2001, Korner et al., 2005, Keel et al., 2006].

Forest-atmosphere interactions are complex, and small-scale variability in soil prop-
erties, topography, microclimate, depth of the water table, geomorphology, stand com-
munity, and levels of [CO2] may produce changes in carbon fluxes at the ecosystem,
landscape, and regional scales. However, direct measurements to detect the responsi-
ble processes and forces are still lacking [Canadell et al.,2000]. This study aims to
provide mechanistic understanding of the spatial variation of CO2 fluxes in response
to small-scale variation of physical and biotic factors in an area of tropical forest in
Central Amazonia, Brazil.

1.4 The importance of tropical forests

Tropical forests account for about 50% of Earth’s total plant biomass, though they
occur on only 13% of the ice-free land area, and contain about25% of the carbon
in the terrestrial biosphere [Chapin et al., 2002, Bonan, 2008]. In addition, they play a
major role in the global carbon budget because they account for about 30% of terrestrial
net primary production (NPP), and can sequester large amounts of carbon annually
[Clark et al., 2003, Clark, 2004, Bonan, 2008].

1.4.1 The Amazon rainforest

Among tropical forests, the Amazon rainforest is the singlelargest expanse of forest on
the planet, covering an area of about 5.8 · 106 km2. The total aboveground live biomass
of intact Amazon rainforest is estimated to be about 93±23Pg C [Malhi et al., 2006].
In addition, Terra firme (well-drained) forests contain about 74% of the Amazon basin
terrestrial biomass [Vieira et al., 2004].

For naturally growing tropical forest, recent estimates ofnet biome productivity
(NBP) suggested that CO2 fertilization might explain the current Amazon carbon sink
[Ciais et al., 2005]. However, the Amazon rainforest may be either recovering from
recent natural disturbances such as anomalous tree mortality and fire that are induced
by ENSO warm events [Saleska et al., 2003, Ometto et al., 2005] or behaving within its
range of natural variation [Sierra et al., 2007]. Thus, the integrated effect of changing
[CO2] and climatic factors on the carbon balance of Amazon rainforest largely remains
unknown [Clark, 2004].
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1.4.2 Past and future of Amazon rainforest

The Amazon rainforest has developed during the Cretaceous and has been a permanent
feature of South America for at least the last 55 million years [Maslin et al., 2005].
However, due to human activity it appears that the Amazon rainforest is entering a
period with unprecedented disruption and climatic condition with no analogue in the
past. Some model results suggest that a significant portion of the Amazon rainforest
may have turned to savanna by the mid-late twenty first century [White et al., 1999,
Cox et al., 2000].

1.4.3 Understanding the Amazon rainforest

The global warming – an inadvertent global experiment – revived the interest and de-
mand for information about the least understood parts of theclimate system. For in-
stance, the boundary between the land surface of the earth and the lowest part of the
planetary boundary layer (PBL), the internal carbon fluxes within ecosystems and trace
gas exchange between the terrestrial biosphere and the atmosphere. Several projects
took place in the Amazon during the last two decades,e.g.ARME, ABLE, ABRACOS,
MACOE, JACAREX, EUSTACH, and LBA. The Large-scale Biosphere-Atmosphere
Experiment in the Amazon (LBA) is a multinational and interdisciplinary research
program led by Brazil. It was designed to study the climatological, ecological, bio-
geochemical and hydrological functioning of Amazon, the impact of land-use change
on these functions, and the interactions between the Amazonand the Earth system
[Avissar et al., 2002, Gash et al., 2004].

LBA has provided the first comprehensive picture of the spatial and temporal vari-
ability of CO2 fluxes between the biosphere and atmosphere in the Amazon. There are
parts of the Amazon rainforest mosaic that behave as either acarbon sink or a carbon
source or are carbon neutral. This variability is largely related to soil fertility and pre-
cipitation gradients and to climate driven effects, such asENSO. The soils are more
fertile to the Southwest of the Amazon rainforest, and thereis more precipitation to the
Northwest. In addition, the above ground live biomass is larger to the north than to the
south [Malhi et al., 2006, Saatchi et al., 2007].

1.5 Motivation of this thesis

Previous studies have suggested a strong carbon sink (of about 1–6 ton C ha−1 y−1)
in Central and Southwest Amazon rainforest [Grace et al., 1995b, 1996, Malhi et al.,
1998]. However, these results are controversial because they are not in agreement with
ecological understanding of the amount of carbon stored in the biomass [Phillips et al.,
1998, Baker et al., 2004]. This could suggest that the eddy covariance (EC) technique
overestimates the carbon balance of Amazon forest.

The EC technique, which measures the exchange rate of CO2 across the canopy-
atmosphere interface by measuring the covariance between fluctuations in vertical wind
velocity and CO2 mole fraction, enhanced our capacity to understand the carbon bal-
ance at the ecosystem level. It provides integrated carbon fluxes at canopy level and is
a non-intrusive technique to infer the NEE [Aber and Melillo, 2001, Baldocchi, 2003].

The first EC measurements of CO2 exchange occurred in the early 1970s over flat
and homogeneous surfaces (e.g. corn fields). A decade later, these measurements
were made over native vegetation with moderate to complex topography, such as tem-
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perate deciduous forest, prairie grassland, tropical forest and Mediterraneanmacchia
[Baldocchi, 2003, 2008, Dolman et al., 2008, Finnigan, 2008]. However, this use over
different surface types also showed the limitations of the EC technique. For example,
it is most applicable over flat terrain, when the atmosphericconditions are steady and
when the underlying vegetation is homogeneous and extends upwind for an extended
distance or fetch [Baldocchi, 2003, 2008, Dolman et al., 2008, Finnigan, 2008]. It is
known that there are times during the day when the flux densityof CO2 crossing the
virtual horizontal plane above the canopy does not equal thenet flux density of carbon
moving into and out of the plant/soil system. For example, atnight, thermal stratifi-
cation of the atmosphere causes it to be stable. Under these conditions CO2 respired
by the ecosystem (e.g. leaves, stems, soil) may not reach the set of instruments at
the reference height above the canopy, causing the EC-technique to underestimates the
ecosystem respiration (Reco) during those periods [Goulden et al., 1996, Baldocchi,
2003, Dolman et al., 2008, Finnigan, 2008]. Another exampleoccurs at sunrise. The
break-up of the nocturnal boundary layer, as convective turbulence resumes, vents the
canopy of the CO2 stored within the canopy air space over the course of the night.
This short-term venting will cause the EC technique to overestimate the time-local flux
density [Baldocchi, 2003] in the early morning.

Finally, there is the topographically generated lateral flow, i.e. advection, which
is a physical process likely to occur on non-flat terrain as result of thermal gradi-
ents. For example, nighttime cooling of valley surfaces maygenerate katabatic winds
that usually flow gently downhill, transporting cold air. These winds may even oc-
cur in areas with height differences of less than 1m [Oke, 1987]. In addition, they
transport CO2 away from the measurement towers, which also causes an underestima-
tion of Recoby the EC technique [Aubinet et al., 2003, Staebler and Fitzjarrald, 2004,
Marcolla et al., 2005, Goulden et al., 2006, Sun et al., 2007,Yi et al., 2005, 2008, Tota et al.,
2008].

The diurnal changes of [CO2] in the canopy air space are very important for de-
riving the NEE. For example, the temporal and spatially integrated NEE between an
ecosystem and the atmosphere is defined as

NEE = Fc + S (1.1)

whereFc is the above-canopy turbulent exchange of CO2 (µmol m−2 s−1), andS is
the change in CO2 storage in the canopy air space [Wofsy et al., 1993,µmol m−2 s−1;].
Fc andS reflect the conceptual basis of the EC-technique that is to erect a notional vol-
ume over a representative patch of the surface, and to measure all the fluxes across the
aerial faces of this volume and any change of concentration within it. The exchange
across the surface is then inferred by difference [Finnigan, 2006]. Usually,Fc andS
are measured on a single tower and the mass balance of the notional volume is approx-
imated by assuming horizontal homogeneity. Unfortunately, the weak vertical mixing
during nighttime conditions in Amazonian forest leads to a violation of the assumption
of horizontal homogeneity [Hutyra et al., 2007]. Under suchconditions, when thermal
stratification is strong and turbulence is low,S assumes greater importance and often
constitutes the dominant term in the mass balance [Finnigan, 2006]. In addition, it is
well known that changes inS around sunrise and sunset can be significant relative to
Fc, especially over periods of an hour or less [Xu et al., 1999, Finnigan, 2006].

In hilly terrain, the spatial variability of [CO2] in the air near the ground or in
canopies can be substantial not only due to advection induced by temperature-driven
gravity flows, but also as result of the variability of soil respiration (Rsoil) with soil
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moisture and texture, organic matter content, rooting system, and soil biota [Chambers et al.,
2004, de Souza, 2004]. This is very likely to occur in centralAmazon because even
though there is very little large-scale variability in topography, at a smaller scale the
dense drainage network has formed a pattern of plateaus and valleys with a differ-
ence in height of about 60m [Chauvel et al., 1987]. As a consequence of prolonged
weathering, the soils along a typical toposequence consistof Oxisols on the plateaus,
Ultisols on the slopes, and Spodosols associated with smallstreams in the valleys
[Chauvel et al., 1987, Ferraz et al., 1998, Luizão et al., 2004]. This plays an important
role on forest growth andRsoil along the toposequence. For example, on the plateaus,
the forests are taller and present higher biomass than on theslopes and in the valleys
[Guillaumet, 1987, Higuchi et al., 1998]. YetRsoil, which corresponds to about 50%
of Reco, is generally higher in the valleys than on the plateaus in the dry season and
vice-versa in the wet season [de Souza, 2004, Chambers et al., 2004, van Diepen, 2006,
Meir et al., 1996]. Moreover, [CO2] varies diurnally above and beneath the canopy
[Buchmann et al., 1997, Bazzaz and Williams, 1991]. In this manner, it is very likely
thatS will vary diurnally and seasonally along a typical toposequence in central Ama-
zon. This raises serious concerns for the correct interpretation of NEE measured on the
plateau of this topography.

1.6 Objectives and organisation of the thesis

The main objectives of this thesis are:

i Assess the role of micro-scale variability on the CO2 fluxes measured by two
nearby flux measurement towers located in the same type of forest ecosystem in
central Amazon, near Manaus, Brazil;

ii Measure the horizontal and vertical variation of [CO2] above and underneath the
canopy along a topographical gradient in central Amazon, near Manaus, Brazil;

iii Assess the implications of horizontal and vertical variability of [CO2] along a to-
pographical gradient in central Amazon on the stable carbonisotope ratio (δ13C)
of leaves andReco, near Manaus, Brazil;

iv Investigate the spatial and temporal variability of bothchange in CO2 storage in the
canopy air space (S) and NEE along a topographical gradient in central Amazon,
assessing how the variability inS may affect the NEE measured on the plateau and
in the valley, near Manaus, Brazil.

v Asses the implications of the above for our measurement capability of EC fluxes
over complex tropical terrain and for our ecological understanding of the magnitude
and variability of the fluxes at local scales.

This thesis is organised in seven chapters. The first chapteris the introduction. The
second, third, fourth and fifth chapters correspond to four articles submitted to peer-
reviewed journals and to the objectives listed i–iv. The sixth chapter is the synthesis
(Objective v) and the seventh chapter provides conclusionsand recommendations.

The second chapter presents the new flux measurement tower ofthe Manaus LBA
site, the K34. The role of the small-scale topography surrounding both towers is
stressed, the climatology of the area is presented, and the measurements performed
at K34 tower are described and compared with that of a second tower, the C14, which
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was previously used in the first long-term carbon balance study of the Amazon rainfor-
est using the EC technique [Malhi et al., 1998].

The third chapter investigates the vertical and horizontalvariation of [CO2] along a
topographical gradient near to K34 tower. Furthermore, diurnal and seasonal patterns
of canopy [CO2] profiles along the topography are described, and the controls on the
build up and breakdown of these profiles are analysed.

The fourth chapter assesses the implications of the temporal and spatial variability
of [CO2] along the topography of K34 site on theδ13C of leaves andReco by testing
two hypotheses for dry season conditions in Central Amazonia. The first is that the
stable carbon isotope ratio of a leaf (δ13Cleaf ) in the valleys may be more negative than
that on the plateau due to both higher soil water availability and longer time of exposure
to high [CO2] with low stable carbon isotope ratio of atmospheric CO2 (δ13Ca). The
second is that the stable carbon isotope ratio ofReco (δ13CReco) may be less negative
on the plateaus than in the valleys.

The fifth chapter investigates the temporal, spatial and seasonal variability ofS and
NEE along the topography of K34 site, as well as of meteorological factors such as
radiation, air temperature, wind speed, and soil moisture and temperature. In addition,
it also assesses how the variability inS may affect the NEE measured on the plateau
and in the valley.

Finally, the sixth chapter establishes a link among the findings of all previous chap-
ters and indicates the future directions or research neededto provide a robust estimate
of the carbon balance of central Amazon.

1.7 Data availability

Data are available on theBeija-Flor metadata LBA Data Information System. You can
visit the web site at http://beija-flor.ornl.gov/lba/.
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Chapter 2

Comparative Measurements of
Carbon Dioxide Fluxes from
Two Nearby Towers in a central
Amazonian Rainforest: The
Manaus LBA site1

2.1 Introduction

The role of forests in the global carbon cycle can only be properly addressed by long
term studies monitoring carbon exchange [Grelle and Lindroth, 1996]. Long term eddy
covariance data serve well in quantifying the effects of seasonality, climate anoma-
lies and phenology on CO2 exchange, as well as for developing and testing models
[Goulden et al., 1996, Fitzjarrald et al., 1990]. Although application of eddy covari-
ance data for the accurate calculation of annually integrated NEE (carbon net ecosys-
tem exchange) is still controversial due to unresolved problems with nighttime fluxes
and gap filling [Aubinet et al., 2000], new strategies are starting to address these issues
[Falge et al., 2001].

Tropical rainforests are likely to play a prominent role in the global carbon cy-
cle. The rainforest of central Amazonia, with Manaus in its center, is a vast area of
dense broadleaf tropical vegetation [Andreae et al., 2002]. Forests around Manaus have
staged the oldest and the longest forest-atmosphere CO2 exchange studies made any-
where in the Amazon, with Fan et al. [1990] making the first eddy covariance measure-
ments of CO2 exchange at the Ducke Reserve. Before this, uptake rates forCO2 by
photosynthesis have been estimated indirectly using variations in CO2 concentration
observed within and above the tropical forest canopy [Fan etal., 1990, Wofsy et al.,
1988]. More recently, Malhi et al. [1998] made measurementsof the carbon diox-

1The contents of this chapter have been published as A.C. de Araújo, A. D. Nobre, B. Kruijt, J. A. Elbers,
R. Dallarosa, P. Stefani, C. von Randow, A. O. Manzi, A. D. Culf, J. H. C. Gash, R. Valentini, and P. P.
Kabat. Comparative measurements of carbon dioxide fluxes from two nearby towers in a central Amazonian
rainforest: The Manaus LBA site. Journal of Geophysical Research, 107(D20):LBA 58-1-58-20, October
2002.

11
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ide and energy fluxes for a year at the Cuieiras Reserve. Graceet al. [1995b] and
Malhi et al. [1998] presented measurements indicating increasing carbon uptake rates
over time for the Amazon basin. It is important to assess whether this line is a long-term
or a short-term periodic phenomenon.

Although superficially rainforests appear very similar throughout the Amazon, the
region consists of a number of very distinct climatic sub-regions and many studies
stress the high spatial variability in species compositionand physiognomy [Tuomisto et al.,
1995]. Also, there are pronounced small-scale differencesin geomorphology and soils.
The Large-scale Biosphere-atmosphere experiment in Amazonia (LBA) provides for a
comparison of carbon uptake rates through tower sites between the major climatic re-
gions, but assessment of small-scale variability is a lowerpriority. The latter issue is
crucial, however, when we are to use individual tower data toscale up and assume
them to represent whole subregions. The experiment described here addresses that
issue, through the comparison of two adjacent patches of tropical rainforest exposed
to the same climate. This design allows us to explore the roleof small-scale hetero-
geneities on the regional biospheric exchanges. The present study analyses a pair of
flux datasets collected in the first year of operation of the Cuieiras dual tower setup.

2.2 Site descriptions

Manaus is at present the westernmost site in the LBA east-west transect (see map at
http://lba.cptec.inpe.br/lba/). With its shorter dry season, Manaus is in sharp contrast
to Santarm, the nearest neighboring LBA site. Being more than 1600km from the
Atlantic, there is no direct oceanic influence on the climateof Manaus, such as there
is in Caixiuanã, the easternmost LBA tower flux site along the Amazon river axis.
There has been much less deforestation in the Manaus region in comparison to the LBA
sites around Ji-Paraná in Rondônia. The prevailing northeasterly winds blow over vast
expanses of undisturbed rainforest before reaching the site. To avoid the expanding city
of Manaus, the LBA site was installed in the Cuieiras Reserveof the Instituto Nacional
de Pesquisas da Amazônia (INPA). The Cuieiras Reserve has an area of22735 ha and
is located about 60km north of Manaus, embedded in a vast area of pristine rainforest
[Andreae et al., 2002]. It is accessed via ZF-2, an unpaved road running west from the
main BR-174 Manaus-to-Caracas highway.

The experiment has two micrometeorological towers 11km apart. The first tower,
known as C14 (formerly as ’ZF2’), was built in 1979 and has been used in previ-
ous energy, water and carbon exchange studies [Culf et al., 1999, Malhi et al., 1998,
Kruijt et al., 2000]. It is a 6.0m square-section steel tower, 41.5m tall, on a large
flat plateau (2◦35′21.08′′ S, 60◦06′53.63′′ W, 140 m asl). Because it is larger than
those commonly used for eddy covariance measurements, there is the possibility that
the aerodynamic flow-distortion might affect the measurements. However, Malhi et al.
[1998] concluded that these effects are small. The second tower, known as K34, was
erected in1999. It is a 1.5m x 2.5m-section aluminium tower, 50m tall, on a medium
sized plateau (2◦36′32.67′′ S, 60◦12′33.48′′ W, 130m asl). A selective logging ex-
periment study was conducted near the center of the reserve,with 12ha being investi-
gated in 1987/88 and 4ha in 1993. The extraction of trees represented on average 50
m3 ha−1 [Higuchi et al., 1997], or 15% of the average dry biomass for the area. The
resultant small disturbance is located 8km from either tower and hence represents a
small area (only 0.05%) on the outer edges of the footprint ofthe towers.
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Table 2.1: Climatologic parameter summary for the Manaus region, central Amazonia.
Parameter Value Unit

Top of the atmosphere incoming
radiation

30.7–36.7 MJ m
−2

d
−1

Average surface incoming radia-
tion range

16 (Mar)–18 (Aug) MJ m
−2

d
−1

Average temperature range 25.8 (Apr–27.9 (Sep) ◦

C

Precipitation 2431 (Ducke Reserve) mm year−1

Precipitation range 95 (Aug)–304 (Mar) mm month−1

Wetter period [convective rain-
fall]

5 (Nov–Mar) month

Drier period 5 (May–Sep) month
Transition periods 1 (Apr); 1 (Oct) month
Predominant Wind Direction at
C141

10–60 (Nov–Mar), 90–130
(May–Sep)

◦ from North

Climate anomaly up to 70 (El Niño) % less precipitation
1 from Malhi et al. [1998] for daytime conditions (short wave in > 500 W m

−2) for period
Oct/95 through Sept/96.

2.2.1 Weather and Climate

There are three macro- and mesoscale mechanisms which determine rainfall in the
region: diurnal convection resulting from surface heating; instability lines propagating
from N–NE inland, from the Atlantic coast; and meso- and large scale aggregated
convection associated with frontal systems from S–SE [Fisch et al., 1998]. Selected
climatologic variables are presented in Table 2.1. In this area El Niño (97/98) and La
Niña (98/99), both multiyear recurrent phenomena, produce drier and wetter climate
anomalies respectively. Localized wind gusts in strong storms can produce wind throw
of trees in so-called blowdowns [Nelson et al., 1994], whichcan be of significance to
short-term small-scale carbon turnover and even sometimescause damage to towers.

2.2.2 Terrain, soil and vegetation

There is very little large-scale relief in this region, but at a smaller scale the dense
drainage network has formed a pattern of plateaus and valleys with a maximum height
difference of about 60 m. This undulating landscape can be clearly seen in the satellite
images shown in Figure 2.1. We have visually masked the relief in the images and
counted pixels for plateaus and lowlands within concentricareas of 1km, 5 km and
10 km radius from the towers. The plateaus at C14 occupy a larger area (53%, 63%
and 65% respectively) than the plateaus at K34 [40%, 54% and 58%; de Araújo et al.,
2000]. Thus, K34 has significantly more area with lowland-waterlogged vegetation
than C14. The Tertiary sediments of the Barreiras formationare covered mostly by
clayey Oxisols on the plateaus and sandy Spodosols on the valley bottoms. The botan-
ical familiesCaesalpiniaceae, Vochysiaceae, Euphorbiaceae, Clusiaceae, Sapotaceae,
Myristicaceae, Rutaceae, Malphighiaceae, Anacardiaceaeare most frequent found
[Jardim and Hosokawa, 1987]. An indication of the vertical leaf area distribution,
along with a characterization of the in-canopy turbulent mixing regime at the C14
tower, is given by Kruijt et al. [2000].
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Figure 2.1: Landsat images of terrain for K34 and C14 towers.Non-plateau pixels
were masked and counted. Within the masked area, K34 has morebroad, ’U’ shaped
valleys that present larger waterlogged areas in its bottom, whereas C14 has more ’V’
shaped valleys, with much less waterlogged vegetation.
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2.3 Instruments and Measurements

2.3.1 Eddy flux Covariance

Air motion

Two Solent 1012R2 three-axis ultrasonic anemometers (GillInstruments, Lymington,
UK) measured fluctuating wind components. Rainfall affectsneither the instrument
(waterproof and with hydrophobic transducers), nor its measurements (onboard high
frequency spurious-signal filtering). Simultaneous measurements with analogue sen-
sors are digitized and appended to the turbulence signals through a built-in 5-channel
analogue to digital (A/D) converter with an input range of 0-5 V and resolution of
11 bits. Wind components and sound velocity are output by thesonic at 21Hz, but
the channels of the A/D converter are sampled at only 10Hz [Moncrieff et al., 1997,
Grelle and Lindroth, 1996, Aubinet et al., 2000]. In order toprotect the signals from
ground loop effects, the inputs of the ultrasonic anemometer and the outputs of the
connected instruments have been electronically separatedusing instrumentation ampli-
fiers [Elbers, 1998]. Sonics and tube inlets (see next section) were extended 5m and 3
m above the top of the C14 and K34 towers, respectively. The C14sonic was placed
on a lateral boom offset 5m from the tower. Both instruments faced the predominant
wind direction (NE).

H2O and CO2 concentrations

Concentrations of H2O and CO2 were measured by LI-6262 InfraRed Gas Analy-
sers (IRGA; LI-COR, Lincoln, Nebraska, USA) . The quoted response time (time
needed to respond to 95% of a one time-step change in gas concentration) is 0.1 s.
The LI-6262 is a differential analyser that compares the absorption of infrared light
by water and CO2 in two chambers within the optical bench [Moncrieff et al., 1997,
Grelle and Lindroth, 1996, Aubinet et al., 2000]. The analysers were used in absolute
mode,i.e. the reference chamber was flushed with pure nitrogen gas from a cylinder
and maintaining a flow rate of about 20ml min−1. The N2 was brought to the analyser
from the bottom of the tower through stainless steel tubing with a diameter of 4mm.
In this setup the calculated mixing ratios of H2O and CO2 (corrected for analyser cell
temperature, pressure, cross sensitivity and band broadening) were output as analog
signals requiring no further corrections to be made to the raw signals. This analog out-
put was fed to the ultrasonic anemometer A/D converter. The IRGA was re-calibrated
at intervals of about 2 months. CO2 in artificial air from a calibrated cylinder was used
for CO2 span calibration. For H2O span calibration, a LI-COR LI-610 dew point gen-
erator was used. Very little drift in analyser calibration was noted over a diurnal cycle,
in accordance with Aubinet et al. [2000]. When the slope drift is very low, the impact
of the calibration interval on the fluxes is limited.

The air was brought to the gas analyser through 1 meter of stainless steel tubing at
the intake preceded by 4.48m and 7.48m of Teflon tubing for K34 and C14 towers,
respectively. The inner diameter of the tube was 4mm. The intake was placed next to
the measuring volume of the sonics at a distance of 20cm for K34 and underneath the
measuring volume at C14. The air was sucked in by a small membrane air pump (KNF,
Neuberger, Germany) at a flow rate of 7.6l min−1 to prevent condensation and ensure
turbulent flow inside the tube [Aubinet et al., 2000]. The IRGA was placed in a cabinet
on the tower, below the uppermost tower level, below the sonic. The concentrations
calculated by the analyser were corrected for the effect of the pressure drop within the
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analyser’s sample chamber by a pressure transducer LI-COR 6262-03. To prevent dust
ingress into the sample tubing air filters were used (ACRO 50 PTFE 1 m; Gelman, Ann
Arbor, Michigan, USA). These filters were replaced frequently.

Data acquisition and software

Digital data were offloaded at 10.4Hz from the sonic and stored on a PCMCIA card
using a low-power palmtop computer and the DOS program Eddylog developed at Al-
terra (the Dutch partner’s institute). The stored raw data were processed using the eddy
correlation data processing software EDDYWSC. It has been written in FORTRAN
and it can be adapted to a number of different hardware configurations and software
options. The program calculates half-hourly fluxes, means and variances and applies
the necessary corrections. Compensation for the time delaydown the gas sample tube
is performed dynamically by searching the lag at which the cross-correlation between
vertical wind and scalar signal is maximum, within pre-set limits. The raw signals were
detrended using a one-sided autoregressive running mean with a time constant of 800s,
after which covariances were determined from the deviations from that running mean.
Full 3-D co-ordinate rotations were applied a-posteriori on variances and covariances
[McMillen, 1988]. Corrections were applied to the fluxes forloss of covariance at high
and low frequencies [Moore, 1986]. Generally, the high-frequency corrections are very
small, as a result of the large measurement height and low wind speed, but for the same
reasons the corrections at the low end could be substantial,although never excessive
thanks to the relatively long time constant of the running mean. The eddy correlation
systems have a low power consumption (about 50W) and were powered by batteries
charged by solar panels, allowing long-term continuous measurements. Measurements
with the eddy correlation systems started in July and September of 1999 at the K34 and
C14 towers, respectively.

2.3.2 H2O and CO2 vertical profiles

At the K34 tower CO2 and H2O concentrations were measured at six heights (0.5, 5.0,
15.0, 28.0, 35.0, 53.4m) using a CIRAS-SC infra-red gas analyser (PP SYSTEMS,
UK). This analyser, with a stated precision of about 0.1 ppm,performs an auto-zero ev-
ery half hour and thus has little long-term drift. The air wasbrought to the gas analyser
through low-density polyethylene tubing (until August 2000) and HDPE-lined Dek-
abon tubing (since September 2000), with an inner diameter of 4 mm. The topmost
sample came from the outlet of the eddy correlation system, permitting consistency
checks between the two instruments. The profile system sampled each height for 5
minutes, cycling through the entire profile every half-hourusing a set of remotely con-
trolled solenoid valves together with a small membrane air pump (KNF, Neuberger,
Germany). At each height, there was enough time to flush the tubing of residual air be-
fore sampling with the analyser. The data were logged on a Campbell CR-10 (Campbell
Scientific, UK).

2.3.3 Meteorological variables

At the K34 tower, measurements of weather variables were logged on a Campbell
CR-10 (Campbell Scientific, UK) datalogger with a sampling interval of 30 seconds
and stored as thirty-minute averages. This unit was also used to log the CO2 and
H2O concentrations of the vertical profile. A full list of measurements and instruments
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Table 2.2: List of measurements, instruments and measurement heights for the auto-
matic weather station installed at the K34 tower, and for eddy correlation instrumenta-
tion installed on K34 and C14 towers.

Measurement Instrument Height (m agl)

Short wave in and out Kipp & Zonen Pyranometer CM
21

44.60

Long wave in and out Kipp & Zonen Pyrgeometer CG
1

44.60

PAR LI-COR LI-190SZ quantum
sensor

51.6

Relative humidity Vaisala HMP35A 51.1
Soil heat flux Hukseflux SH1 0.01
Wind direction Vector W200P 51.45
Wind speed vertical profile Vector A100R 51.9; 42.5; 35.3;

28.0
Rainfall EM ARG-100 51.35
Surface temperature Heimann KT15 infrared sensor 50.40
Air pressure Vaisala PTB100A 32.45
Long wave in and out tempera-
ture

PT100 44.60

Air temperature vertical profile PT100 51.1; 42.5; 35.5;
28.0; 15.6; 5.2

CO2 concentration vertical pro-
file

IRGA PP Systems CIRAS SC 53.1; 35.3; 28.0;
15.6; 5.2; 0.5

H2O concentration vertical pro-
file

IRGA PP Systems CIRAS SC 53.1; 35.3; 28.0;
15.6; 5.2; 0.5

Soil temperature profile IMAG-DLO MCM101 0.01; 0.05; 0.2; 0.4;
1.0

Soil moisture profile IMAG-DLO MCM101 0.01; 0.05; 0.2; 0.4;
1.0

CO2 concentration IRGA LI-COR 6262 closed-path 53.1 and 46.1a

H2O concentration IRGA LI-COR 6262 closed-path 53.1 and 46.1a

u, v andw wind vectors speed Three-axis ultrasonic anemome-
ter

53.1 and 46.1a

a C14 tower; all other instruments are installed in K34 tower.

used is given in Table 2.2. The automatic weather station started operation in June
1999. Short sets of soil moisture and soil temperature measurements are available
but the instruments suffered from frequent failure and wereultimately destroyed by a
lightning strike.

2.4 Results and Discussion

2.4.1 Data availability

In general, the instrumentation at this site performed well. Automatic weather sta-
tion instrument failures caused loss of 24 full days since June 15, 1999 (the first mea-
surement) until September 30, 2000 (n= 473; data coverage of94.92%). For the flux
measurements the instrument failures caused the loss of 42 full days at the K34 tower
between July 19, 1999 (the first measurement) and September 30, 2000 (n= 439; data
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coverage of 90.43%), and 50 full days at the C14 tower betweenOctober 11, 1999 (the
first measurement) and September 30, 2000 (n= 356; data coverage of 85.96%). For
the storage measurements instrument failures caused the loss of 24 full days between
August 31, 1999 (the first measurement) and September 30, 2000 (n= 397; data cover-
age of 93.95%). Most of the failures on the K34 tower were due to lightning strikes,
and on the C14 tower due to mechanical problems on the data storage media. The gaps
in the eddy correlation data are distributed relatively evenly throughout the year, and
are practically non-coincident between the two towers. That translates in an almost
continuous availability of raw data for the Cuieiras reserve during the period of this
study. Nevertheless, the first year of data analysed here as the beginning of a long-term
time series is still insufficient for the definition of a long-term trend.

2.4.2 Water and Energy

Rainfall, temperature and wind speeds

Total rainfall for July 1999 until June 2000 was 2730mm, somewhat higher than the
long-term mean value of 2431mm (standard deviation 366mm) recorded at Ducke
Reserve for the period 1965 to 1993 (Figure 2.2a). The rainfall in September 1999 was
more than double the average rainfall for the month, an effect that can be attributed to
La Niña, which typically leads to high rainfall in the northern partof central Amazonia
[Nobre et al., 2000]. Even in the driest months of the year [July–August], rainfall at
this site was frequent with more than 1mm falling on 30% of the days. In the wettest
months 75% of days have rainfall greater than 1mm. Average hourly distribution of
rainfall throughout the day is illustrated in Figure 2.2b. For the 1999 to 2000 period
considered in the present study, about 50% of the rainfall fell between 1100h and
1700h local time. The most common storm length was less than 0.5h with the mean
length being 2h. There was very little month-to-month variation of air temperatures
at the site as shown in Figure 2.3a, with average monthly values only varying between
24.6–26.9◦C. Daily maximum temperatures reached average values of 31.8◦C during
October 1999 and September 2000. Daily minimum temperatures were 22.7◦C on
average with little seasonal variation. Daily average relative humidity (RH) varies
from minimum values of 75% during the relatively dry August 1999 to 92% during
the height of the rainy season in April 2000 (Figure 2.3b). The daily range is large
with the air being saturated on most nights, but with daytimevalues dropping to as low
as 50% during the driest months of the year. Daily mean vapourpressure deficit (D)
behaviour in the period (Figure 2.4) indicated pronounced seasonality of atmospheric
evapotranspiration forcing, very similar for both towers.Water excess in the period
driven by La Niña did not suppress the seasonal effect onD.

The mean daily wind speeds recorded by the sonic anemometersat the top of the
towers were 1.9m s−1 (±0.9 m s−1) for K34 and 1.5m s−1 (±0.7m s−1) for C14,
both quite constant throughout the year. Comparative analysis of the hourly mean wind
speeds (u) and hourly mean friction velocities (u∗, Figure 2.5) show differences inu
explained by the difference in measurement heights. Similarities between the towers
in u∗, with a matched variation during daytime, and nighttime values always below
0.15 m s−1, give a good measure of comparability for fluxes. Differenceof mean
friction velocities between the towers was less than 5%. Dips in wind speed occur
in the early morning between 06:00h and 08:00h, immediately before flushing-out
of CO2-enriched air happens, as will be shown below. Wind roses fordaytime and
nighttime indicated that east is the predominant wind direction during the day, although
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Figure 2.2: Long-term rainfall (a) from the Ducke Reserve compared with the data
from Cuieiras Reserve at K34 tower since July 1999 until September 2000, and (b)
day averaged hourly distribution of rainfall for K34 tower during the same period. The
error bars represent standard deviations.
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Figure 2.3: Monthly variation of two weather variables during the 1999–2000 period
for the K34 tower: (a) average and average minimum and maximum air temperature;
and (b) average and average minimum and maximum relative humidity.
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Figure 2.4: Seasonal variations of the incoming solar radiation and water vapour pres-
sure deficit during 1999 – 2000 period: (a) Daily average values of incoming solar ra-
diation at K34 tower; Daily (10–14h) average values of water vapour pressure deficit
at K34 (b) and C14 (c) towers, respectively. The water vapourpressure deficit from
K34 was calculated from air relative humidity and air temperature, and for C14 was
calculated from dry and wet bulb air temperature. Solid lines represent fitted curves to
the data.
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Figure 2.5: Mean diurnal cycle of the wind speed (u) and friction velocity (u∗) at (a)
C14 tower (late September 1999 to September 2000) and (b) K34tower (late July 1999
to September 2000). Both variables measured by sonic anemometers.

all directions do occur (wind roses not shown here). There islittle difference between
the daytime and nighttime wind roses except for a slight increase in the proportion of
northerly and southeasterly wind during the night and a reduction in the frequency of
the strongest winds. Southerly winds, which could carry pollution from the city of
Manaus to the site [Culf et al., 1999], are among the least common wind directions.

Radiation

The seasonal variation in cloud cover affected the fluxes of both longwave and short-
wave radiation. Figure 6a shows the mean diurnal trends of longwave, upward and
downward radiation for the wet and dry seasons. Whilst downward fluxes of longwave
radiation (Li) are similar in daytime for both seasons, they become relatively larger in
nighttime during the wet season. This most likely results from nighttime cloudiness.
Upward fluxes (Lo), are similar in both seasons during the night, but show higher day-
time values in the dry season, probably due to higher surfacetemperatures. As a result
of both these effects, the difference between emitted and received longwave radiation
(theLn balance) becomes more negative in the dry season (Figure 2.6b).

The frequency of clear and cloudy days has been assessed by examining the ra-
tio of daily totals of incoming solar radiation to the incoming radiation at the top of
the atmosphere. Figure 2.7a shows the frequency distribution of this ratio for 1999
to 2000. For 47% of the days the ratio is greater than 0.5. The ratio tends to be low
more often during the wet season. The degree of cloudiness, in the absence of a mea-
surement of diffuse radiation, is of direct relevance to thecarbon balance. It has been
shown that diffuse radiation, proportionally higher undercloudy conditions, penetrates
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Figure 2.6: Mean diurnal cycle of: (a) Longwave radiation budget at K34 tower on
dry season (mid July to November 1999) and on wet season (December 1999 to May
2000), and (b) Net longwave radiation at K34 tower during thesame period.
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canopies and leaves more efficiently, leading to relativelyhigher photosynthetic capac-
ities. Daily cycle representing averaged days of incident (Si), net (Rn), reflected (So)
and longwave net radiation (Ln), are presented in Figure 2.7b (dry season) and 2.7c
(wet season). There appears to be a tight correspondence betweenRn andSi, similar
to reports by Malhi et al. [2002] and Dallarosa and Clarke [2000].

The seasonal variations in the radiation componentsSi, So, Rn andLn, are shown
as monthly averages in Figure 8a. The seasonal variation in albedo is shown in Fig-
ure 2.8b. As first demonstrated by Culf et al. [1995], there isa small seasonal variation,
with higher values during the dry season. The cause of this variation in albedo, which
has been observed at several sites in Amazonia, has not been definitively established,
but it is likely to depend on the physiological or phenological state of the vegetation.

Turbulent fluxes

The energy balance ratio (H+λE
Rn

) for the two towers (Figure 2.9), on average 80%
(r2 = 0.93), although poor, is not smaller than values that are usuallyreported for most
forests [Aubinet et al., 2000]. Seasonally separatedH andλE fluxes plotted against
Rn are shown in Figures 2.10 and 2.11, respectively. In contrast to the observations
by Malhi et al. [1998, 2002] made in a normal year (95/96) at C14, energy partitioning
for both towers in thisLa Niña year had minimal variation during different seasons.
Availability of water during the dry seasons might be the reason for the smaller tempo-
ral change in energy partitioning. Culf et al. [2000] carried out a study with the same
data showing partitioning of net radiation intoH andλE fluxes immediately following
a rainfall event. They showed thatλE increases progressively each day after the event,
but falls after the fifth day whenH , which was stable to that point, starts to increase.
Such results emphasise the importance of radiation and water availability to theH and
λE fluxes, and, consequently, to the energy balance closure.

Footprint Analysis

The horizontal extent of the forest area that contributes 80% of all fluxes was estimated
by applying the algorithm proposed by Schuepp et al. [1990] to each data record. In
this algorithm the 80% cumulative contribution distance increases with measurement
height and with increasing stability, and decreases with surface roughness and increas-
ingly unstable conditions. These distances were plotted against the associated wind
direction on a polar plot and the symbols coded according to the associated sensible
heat fluxes. This creates a two-dimensional picture of the shape of the area ’seen’ by
the towers over time.

Figure 2.12 shows these footprint areas for unstable conditions (andu∗ > 0.2
m s−1) for both towers, overlaid onto a Landsat TM image (RGB channels 3,4, 5)
of the Cuieiras Reserve. For most unstable conditions the footprints of these towers
have little overlap, so that their CO2 exchange measurements are reasonably indepen-
dent, and representative of the ensemble of vegetation types covered by the footprint.
Although the measurement height at the C14 tower was lower than that at the K34
tower, the calculated footprint areas of both towers are similar in size and extent. Typ-
ically, daytime fluxes are representative of a 2–3km2 area around the towers, although
a smaller proportion of fluxes originates from an area as large as 70–80km2. The
footprint analysis does not indicate a preferential direction of the source/sink location,
although the scatter may obscure the predominance of easterly winds. Summarising,
this analysis supports the assumption that the flux data measured at these towers are
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Figure 2.7: (a) Frequency distribution of cloudiness through the ratio of incoming so-
lar radiation over surface to solar radiation on TOA at K34 tower (July 1999 until
September 2000); (b) Mean diurnal cycle of radiation budgetat K34 tower, dry season
(mid-July to November 1999) and (c) wet season (December 1999 to May 2000).
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Figure 2.8: Radiation at K34 tower during 1999–2000 period.(a) monthly average
values of radiation budget and (b) monthly average values ofalbedo.

Figure 2.9: Energy fluxes as a function of net radiation for K34 (a) and C14 (b), re-
spectively. Points for K34 are half-hourly averages from late July 1999 until September
2000 (n= 17454) and for C14 are hourly averages from mid October 1999 until Septem-
ber 2000 (n= 8522). K34 net radiation was derived from the radiation budget and C14
net radiation was obtained from a net radiometer.
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Figure 2.10: Net radiation partitioning into sensible heatflux (H) for different seasons:
(a) K34 first dry season (mid July until November 1999, n= 5510), (b) wet season
(December 1999 until May 2000, n= 6990), and (c) second dry season (June until
September 2000, n= 5054); (d, e and f) C14 for the same seasons(n= 1224; n= 4370,
and n= 2601, respectively). Points for K34 are half-hourly averages and for C14 are
hourly averages.

Figure 2.11: Net radiation partition into latent heat flux (λE) for different seasons:
(a) K34 first dry season (mid July until November 1999, n= 5510), (b) wet season
(December 1999 until May 2000, n= 6990), and (c) second dry season (June until
September 2000, n= 5054); (d, e and f) C14 for the same seasons(n= 1224; n= 4370,
and n= 2601, respectively). Points for K34 are half-hourly averages and for C14 are
hourly averages.
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Figure 2.12: Estimate of tower flux sampling area (footprint) under unstable conditions
(u∗ > 0.2 m s−1) for 1999–2000 period, plotted onto a Landsat TM image of the
Cuieiras reserve. Fluxes were divided into three energy classes:H < 150W m−2;
150 < H < 300 W m−2; andH > 300 W m−2.

representative for most medium-scale topographical landscape elements in the area,
including plateaus, slopes and valley bottoms.

2.4.3 Carbon dioxide fluxes

Seasonal and spatial variation of CO2 flux

Figure 2.13 gives an overview of the above-canopy, storage uncorrected CO2 fluxes
in the entire data sets of K34 and C14 up to late 2000. The plotsare based on 10-
day average diurnal trends plotted along date and time of day. Periods with missing
data of 10 days and longer show as dark horizontal lines in thecontour plots. The
periods of daytime uptake and nighttime emissions are clearly distinguishable. It is
also apparent from Figure 2.13 that there is very little seasonal variation at either site
in the daytime maximum or average nighttime values. On closer inspection, however,
the graphs show a seasonal variation in length of the period during which the forest
takes up carbon. This is unlikely to be related strongly to variation in day length,
which is minimal at that latitude, but rather seems to be related to the timing of wet and
dry seasons. Shortage of soil water in the dry season coinciding with higher airD can
trigger early stomata closure, which could explain less photosynthesis in the afternoon,
in spite of availability of radiation [Malhi et al., 1998, 2002]. Although the daytime
peak uptake rates seem almost constant over the year, there is an apparent variation
in the magnitude of emission fluxes during early morning flush, which are slightly
elevated in the dry seasons. These patterns of apparent day length are very similar for
both towers, indicating that these physiological responses are controlled by regional
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Figure 2.13: Contours of 10-day averages of daily-course eddyflux CO2 exchange for
both towers. Entire dataset plotted; missing data appear asgray areas.

meteorological variables rather than being site-specific phenomena. The combined
effect of shortened diurnal uptake periods and higher morning emissions leads to a
weak seasonal variation in daily total net ecosystem flux. This is shown in Figure 2.14,
where the annual course of average daily totals for both sites is plotted along with a
multi-sine fit [Kruijt et al., 2004] to the data sets. Purely statistical uncertainty bounds
could be attached to this fit, amounting to about 5kg C ha−1 d−1.

Clear differences between the towers appear in the intensities of the peak daytime
sink-strength and total daily NEE, which are higher for the C14 forest. This is surpris-
ing on first sight, because the two forest sites are only 11km apart. The question imme-
diately arises whether this is a real difference in canopy exchange rates or they are the
result of some measurement artifact. Except for a lower measuring height and a longer
sampling tube at C14, the instruments and methods used on both towers were identi-
cal, as were the data collection and analysis procedures. The difference in height is
likely to affect the magnitude of frequency response correction functions. For a 10-day
test period in October 1999, these corrections were typically -0.5 µmol m−2 s−1 for
average daytime conditions and -1.7µmol m−2 s−1 for the peak value. Decreasing
measurement height and increasing tube length change thesecorrections by only a few
tenths of units, indicating that the difference between towers is unlikely to be the result



30 CHAPTER 2. C14 AND K34 CO2 FLUXES

Figure 2.14: Variation over time of 10-daily average daily totals (notu∗-filtered) and
an empirical multiple sine fit to the full 30-minute period-by-period variation in the
data sets for both towers. The fitted function also yields a 95% confidence interval,
giving an indication of the internal consistency of the databetween 10-day periods.

of measurement height or frequency response corrections applied [Kruijt et al., 2004].
Therefore, it is likely that we have measured real and significant physiological differ-
ences in rainforests 11km apart.

A possible ecological explanation for the difference in fluxes lies in the larger area
with taller forest at C14 and, conversely, in the larger areaof waterlogged vegetation
at K34. The C14 plateau forest has older and taller individual trees than the K34
plateau forest, which could mean better access to deep soil water at C14. Also, a possi-
ble indication that waterlogged vegetation is less productive than upland forests came
from the only published airborne regional transect study made so far in the Amazon
by Wofsy et al. [1988], recording the CO2 concentration diurnal cycle (resulting from
nighttime emission and daytime consumption). In that study, over forests the lower
atmosphere presented much stronger oscillations in concentration than over wetlands.

Figure 2.15 shows monthly-averaged diurnal cycles, for thethree seasons in the
present data set (1999 and 2000 dry seasons, 1999–2000 wet season) of above-canopy
CO2 flux for both towers along with radiation and air temperaturefor K34 only. Simi-
larities in the shapes of this diurnal variation between thetwo forests indicate again that
regional forcing is dominant, affecting both forests equally, independently from their
peak photosynthetic capacities. The effect ofLa Niña on the 1999 dry season could
explain the much higher peak in the response at C14 for October 1999. For this month
cloud free days were followed by frequent thunderstorms in the evenings, therefore
creating optimum conditions for photosynthesis (high availability of both photons and
water). At the end of the wet season, April of 2000, water was abundant, but overcast
days were frequent, with reduced light availability. Finally, for September of 2000,
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Figure 2.15: Mean diurnal cycle of the above-canopy carbon flux, solar incoming ra-
diation and air temperature as they vary between wet and dry seasons for both towers:
(a) and (d) on dry season (October 1999) with rainfall of 198mm; (b) and (e) on wet
season (April 2000) with rainfall of 397mm; and (c) and (f) on dry season (September
2000) with rainfall of 45mm. The solar incoming radiation and air temperature were
measured at K34 tower only.
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Figure 2.16: Average diurnal trend of Eddy flux, storage flux and NEE for a) windy
and b) calm nights.

radiation was abundant, but water was missing. These results suggest that peak photo-
synthesis at C14 follows the limitations posed by the interplay of water and radiation
better than that at K34. That difference in response could well indicate that K34 forest
takes less advantage of extra environmental resources, like radiation and water, because
a larger proportion of its trees either not reaching the ground water or being limited by
water logging. Despite the availability of potential physiological explanations for the
difference between C14 and K34, a verifiable explanation forthese differences would
require more detailed research, such as explicit quantification of (leaf scale) photosyn-
thesis, in the forests within the footprint area for both towers, with accurate mapping
of parameters like LAI, biomass and respiration.

Average diurnal variation and nighttime fluxes

There is a distinct difference in the diurnal trends of days where the preceding night
was calm, with little turbulent mixing and much accumulation of respired CO2 inside
the canopy, and where the night was windier, with sufficient mixing to minimise the
amount of CO2 stored inside the canopy. Figure 2.16 shows such diurnal trends, av-
eraged for all 24 hour periods in the dataset, where the average friction velocity (u∗)
above the canopy during the preceding night was either below0.05m s−1 or above
0.15m s−1 (n= about 30 in each average). Both the above-canopy flux and the stor-
age flux underneath the flux system are shown. These plots can be used to examine
the consequences of the nighttime turbulence regime not only for night fluxes, but also
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Figure 2.17: The average dependence of nighttime NEE on associatedu∗ at K34, for
dry and wet seasons.

for the build-up of fluxes during the following day. During the calm nights, the ’eddy
flux’ is almost negligible, whereas storage accounts for about 3 µmol m−2 s−1. Dur-
ing windier nights, storage is small and the eddy fluxes are around 5µmol m−2 s−1,
sometimes peaking to more than double that value. Therefore, the NEE, calculated as
the sum of eddy flux and storage flux, is clearly depressed during calm nights. This is
also illustrated by plotting half-hourly nighttime NEE values against above-canopyu∗,
after Goulden et al. [1996], showing suppressed NEE values whenu∗ drops below 0.2–
0.3m s−1 (Figure 2.17). Such a relationship is often observed for fluxtowers and used
to correct nighttime ’losses’ by assuming NEE values derived from those occurring at
higheru∗. As in the case of the present data the vast majority of data points occurs at
u∗ below 0.2m s−1, and the values do not show a clear plateau above this threshold, it
is useful to critically assess whether the observed suppression of NEE really represents
a loss to daily net carbon exchange.

To study the effects of low nighttime turbulence more closely, thirteen nights were
selected from the 1999 dataset, when above canopy flux was large and storage close
to zero for at least 2.5 hours. The periods chosen and the average fluxes are given
in Table 2.3. None of these periods exhibited a period of highemissions during the
early daylight hours, associated with the onset of convective turbulence. During these
nights the average flux measured above the canopy was 6.2µmol m−2 s−1. The range
of values (2.8 to 10.4µmol m−2 s−1) was large, however. Then, nine nights were
identified in 1999 during which the carbon dioxide flux measured at the top of the
tower was close to zero for several consecutive hours. The build up of carbon dioxide
below the flux measurement level during these periods was significantly greater than on
nights when flux was observed, but only ranged from 2.9 to 5.6µmol m−2 s−1, with
an average value of 4.1µmol m−2 s−1 (Table 2.4). Nighttime storage measurements
during calm nights do not match the eddy flux during windy nights. Further examining
Figure 2.16, we can see that just after sunrise, after calm nights, there is often a peak
in the upward flux of CO2 which is attributed to the flushing out of the CO2 stored
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Table 2.3: Measured nocturnal flux over periods with zero storage below flux measure-
ment level.

Night of 1999 Time period Average flux Averageu∗

Local time µmol m−2 s−1 m s−1

267-268 02:00–03:30 9.9 0.11
269-270 23:30–02:00 4.1 0.14
278-279 23:00–02:00 4.4 0.14
279-280 21:00–00:30 8.7 0.36
283-284 24:00–03:00 4.0 0.11
302-303 22:30–01:30 10.4 0.25
305-306 23:30–07:00 5.3 0.23
316-317 22:00–04:00 7.1 0.23
318-319 01:30–07:00 8.2 0.11
327-328 02:00–07:00 5.2 0.15
340-341 23:00–02:30 6.4 0.15
356-357 03:00–06:30 2.8 0.08
361-362 23:00–05:00 3.7 0.10

Table 2.4: Build-up of CO2 below the flux measurement level during periods when
measured flux was close to zero.

Night of
1999

Time period Average flux
above canopy

Average rate of
build-up below
flux measurement

Averageu∗

Local time µmol m−2 s−1
µmol m−2 s−1 m s−1

263-264 00:30–06:30 0.02 5.1 0.04
270-271 20:30–07:30 -0.01 3.4 0.02
275-276 23:30–06:00 -0.05 3.2 0.03
297-298 21:00–02:00 -0.02 2.9 0.03
299-300 17:30–22:00 -0.07 3.4 0.03
309-310 18:30–00:30 -0.05 3.7 0.02
328-329 21:30–06:00 -0.12 5.6 0.03
346-347 21:30–06:00 -0.047 3.0 0.02
362-363 20:00–23:30 0.06 5.0 0.02
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overnight beneath and within the canopy. The peaks in above-canopy flux are then
followed after 1.5 to 2 hours, by a negative storage flux, caused by rapid decreases in
canopy CO2 concentrations. These peaks are almost absent after more windy nights,
but after all nights there is a consistently negative but diminishing storage flux until the
end of the following day’s afternoon.

If the diurnal courses of eddy flux and storage flux are followed further in Fig-
ure 2.16, it can also be seen that a substantial part of the nighttime flux difference
between windy and calm nights is compensated for by an excessemission flux (posi-
tive NEE, or NEE responding less sharply to increasing radiation) in the morning. This
points at additional CO2 entering the storage laterally or from the soils. If the diurnal
trends are integrated, however, the difference is not completely cancelled at the end of
these days. This means either that a residual quantity of fluxis actually ’lost’, requiring
a correction, or that other factors may explain the higher net uptake after calm nights,
such as the fact that total incoming radiation (not shown here) was also higher during
such periods.

A recent intensive short-term study has found emissions of CO2 from the soils in
the Cuieiras reserve to range from 3.28 to 10.04µmol m−2 s−1, with an average ef-
flux of 6.53(±0.29)µmol m−2 s−1 , temperature of 25.9◦Cat 5 cm depth, values
well within the range of previous measurements in the Amazon[Sotta et al., 2004].
The same study has also shown that soil water is an important controlling factor on
efflux, especially in the dry season and during, and soon after, rainfall events. Even
though temperature might play a smaller role in determiningrespiration variations un-
der the relatively unchanging local climate, in southwest Amazon Meir et al. [1996]
identified a relationship between soil respiration and soiltemperature with a reason-
able r2 range of 0.76–0.88. Nighttime CO2 efflux from above ground respiring wood
and leaves was measured in SW Amazonia at 0.7 (±0.3) µmol m−2 s−1 and 1.0
(±0.1)µmol m−2 s−1, respectively [Meir et al., 1996]. More recently Chambers et al.
[2001b] measured coarse-litter CO2 efflux varying by almost two orders of magnitude
(about 0.014 to 1.003g−1 C min−1) for the forest at K34.

Therefore, measurements and modelling of tropical forest respiration give values
close to 7µmol m−2 s−1, and the average flux during windy nights with low storage
was only little less than this, suggesting that under these conditions the respirative flux
is well captured by the eddy flux measurements. It appears likely, however, that in
nights with low above-canopy flux the combination of flux measurement and storage
profile does not capture the full respirative output of the forest, as suggested for other
forests before, although the discrepancy is much smaller than has been observed at
some other sites [Goulden et al., 1996, Aubinet et al., 2000]. Such discrepancy is often
ascribed to downhill drainage of CO2 during calm nights.

The analysis of fluxes during the subsequent daytime hours, suggests, however, that
apparent losses of CO2 emissions in such conditions are recovered during the subse-
quent (later night or day time) hours. Similar conclusions have also been drawn by
other studies on the same sites [Malhi et al., 1998] and by more recent and elaborate
analysis of the present datasets [Kruijt et al., 2004]. The source for this recovery of
night losses has not been identified yet. It may be located forexample in the topsoil,
or be represented by elevated CO2 welling up from the valley bottoms during early
morning, where it may have been stored after nocturnal drainage from the slopes.

In any case, these analyses show that the exchange of CO2 from the canopy space is
still poorly understood. It may also be necessary to consider to what extent windy and
calm nights and days are associated with different weather,different wind directions
and footprint composition (cf. Chapter 5). It may be too early yet to accept that low
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Figure 2.18: Average monthly nighttime NEE values for rainyand dry nights at K34.

Table 2.5: Average nighttime NEE during 1999–2000 period, for K34 and C14. Fluxes
were classified according to absence or presence of rainfalland selected for friction
velocity above 0.2m s−1. Values between brackets are standard errors of the means.

Rainy nights Dry nights
µmol m−2 s−1

µmol m−2 s−1

K34 8.15 (0.10) 8.56 (0.05)
C14 9.54 (0.04) 9.57 (0.07)

CO2 flux measurements during calm nights just represent a failing response of the
measurement system [Goulden et al., 1996], and need to be corrected for.

The nighttime NEE varied over time and between the two towers. Figure 2.18
shows the annual course of storage corrected night fluxes forK34, showing lower val-
ues during the wet season. The CO2 profile was only monitored at K34 and for C14
storage was calculated using K34 profile data. Table 2.5 gives values for average night-
time fluxes during rainy and dry periods in both towers. Consistent with the observed
seasonality, emissions appear slightly higher in the dry season, although the difference
is not significant for C14. Again, the differences between sites can be ascribed to the
larger area of waterlogged vegetation in K34 than in C14. As noted by Sotta et al.
[2004], water excess can impede CO2 escape from the soil, but it can also generate
anaerobic conditions, favouring other respirative biochemical pathways that produce
less CO2 and more dissolved organics and other volatiles.

2.4.4 Net Ecosystem Carbon Exchange

Although we do not fully understand the errors and uncertainties involved in eddy
correlation CO2 flux measurements at night, it is of interest to make preliminary es-
timates of the annual carbon balance for the sites. In principle, calculating the total
net ecosystem carbon exchange is very simple. An addition over time of the above-
canopy-measured fluxes is sufficient, with proper scaling tounits of t ha−1 yr−1. In
this case, storage fluxes do not have to be taken into account,since over time scales of
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days or longer, storage should integrate to zero, unless there are substantial permanent
changes in canopy air CO2 concentrations over such a time period.

In practice, however, there are always data gaps and periodsduring which mea-
sured fluxes have to be rejected. In this case, unless the distribution of gaps is strictly
random, these gaps need to be ’filled’ with representative values to avoid bias. Sev-
eral methods to do this have been proposed, and they can be roughly subdivided into
’empirical response functions’ and ’pure interpolation’ [Falge et al., 2001]. In the first
case, during daytime usually an empirical, saturating light response function is used to
estimate NEE. During nights, there is the additional complication of apparent losses
during low turbulence events. If the choice is made to replace such data with an esti-
mate of nighttime fluxes, different procedures can be adopted [Aubinet et al., 2000]. A
constant value can be estimated as the average of nighttime fluxes during higher turbu-
lence events, or ’fill’ values could be allowed to vary according to time of year or other
conditions. It is important to realise that in the case wherenighttime gaps are filled
with an estimate of the real efflux, the unaffected data should be storage corrected. If
this is not the case, the risk is that ’corrected’ low-turbulence events are in fact already
compensated for some time later in the data set, and sources are double-counted.

In this study we adopted two approaches to estimate the annual carbon balance and
the conceptual uncertainty in this. In the first, day-time gaps were always filled with a
light response function fitted to the remaining data, but forthe nights data were either
unaltered and simply integrated over time, or filtered for low-turbulence events (when
friction velocityu∗ was lower than 0.2m s−1). These gaps, amounting to 89% (K34)
and 86% (C14) of all nighttime data, ideally then should be filled with an estimate of
nighttime flux dependent on day of year and on whether or not there was any rainfall
during the night, as was shown in Figure 2.18 and Table 2.5. However, because of
the high uncertainty in appropriate nighttime filling methods we chose to simply fill
these nighttime gaps with a constant value of 5.4µmol m−2 s−1 for K34 and 6.5
µmol m−2 s−1 for C14, representing the average measured nighttime NEE values for
those sites. Again, C14 storage was calculated using K34 profile data.

Figure 2.19 shows the cumulative balance of carbon over timefor both towers,
for both non-filtered and (simply) filtered data treatments.It is clear that the choice
whether or not to filter and replace nighttime data represents the single major uncer-
tainty in the whole estimation process. The choice can turn avery large carbon sink
into a moderate one or even into a small source. At present, itis yet unclear how to
deal with nighttime losses of flux, although in the precedinganalysis we suggest that
simple rejection of nighttime calm data might be as unjustified as simply keeping it un-
filtered. As expected, the cumulative uptake is larger for the C14 site than for K34, and
again it remains to some extent uncertain whether this difference is real or the result of
differences in the measurements.

Finally, a word of caution. So far this study has only represented the results and
analysis of our observations, and of a critical assessment of assumptions that are often
made about missed emissions at night. The observations, on one extreme, lead to very
high uptake rates. Very roughly, such rates, if sustained over many decades, would
imply a doubling of forest biomass and soil carbon in 15-20 years, which is clearly not
possible [Chambers et al., 2001a]. Also, if such high uptakerates would apply for the
whole Amazon forest biome, they would be in contrast with most global atmospheric
inversion studies, which after correction for anthropogenicand deforestation emissions,
point to an average uptake rate of order only 1t ha−1 yr−1 [Malhi and Grace, 2000].
However, Wofsy et al. [1988], in a regional atmospheric budget study, suggested that
although the atmosphere over the Amazon as a whole did not seem to be depleted in
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Figure 2.19: Cumulative balance of carbon over time calculated with or without gap
filling for low friction velocities (u∗ < 0.2 m s−1).

CO2, implying zero net carbon uptake, this may well reflect the balance of substantial
uptake interra firmeareas and release in low-lying wetlands. In conclusion, it remains
to be proven that the high uptake rates measured by eddy correlation are representative
for the forest. Further work will have to evaluate to what extent this phenomenon could
be part of an ENSO-dependent cycle, an effect of disturbance, or that substantial lateral
leakage of carbon to the rivers occurs.

2.5 Concluding Remarks

The Manaus LBA site is the first in the tropics with two eddyfluxtowers so close to
each other monitoring the same type of land use. If on furthertesting the instrumen-
tation of the two towers proves indeed comparable, as we expect it to be, it is pos-
sible that we have identified real differences in ecosystem physiology. Testing these
differences independently will require extended ecological characterization and mea-
surements for both sites. Ongoing LBA research projects studying the K34 catchment,
aim at understanding the underlying ecological factors associated with a potential sus-
tained sink. New similar studies need to be extended to the C14 catchment, as well as
to other LBA sites in different ecoregions. Because the Amazon rainforest by and large
is composed of a patchy and complex mosaic of upland vegetation intermingled with
drainage-associated waterlogged vegetation, being able to discriminate their respective
ecosystem responses would be of great value for a better estimation and modeling of
the carbon balance in wider areas.



Chapter 3

Nocturnal accumulation of CO2

underneath a tropical forest
canopy along a topographical
gradient1

3.1 Introduction

The forests of the Amazon basin are likely to play a key role inthe global carbon
balance, and hence in global warming. Not only does the on-going deforestation
and potential degradation of biomass present a major sourceof CO2 to the atmo-
sphere [Cox et al., 2000], but these forests can also potentially play an important role
in buffering atmospheric CO2 concentration ([CO2]) increases by absorbing part of
it in biomass or storing carbon in the soil. This potential has recently been subject
of some debate, as different measurement techniques and ecological insights seem
to contradict each other. Several direct flux measurement studies as well as biomass
studies in various locations suggested rather large rates of carbon uptake [Chapter 2;
Grace et al., 1995b, Malhi et al., 1998, Carswell et al., 2002, de Araújo et al., 2002].
Other studies, however, show no such evidence and rather indicate that, on average, the
Amazon forests may be carbon-neutral or even emitters of carbon to the atmosphere
[Chambers et al., 2001a, 2004, Saleska et al., 2003, Miller et al., 2004].

A major issue in these discussions is the role and estimationof nighttime ecosystem
respiration (Reco), obtained using the eddy covariance (EC) technique [Aubinet et al.,
2000] in combination with a vertical profile system measuring CO2 storage (S) changes
below the height of the flux measurement [Wofsy et al., 1993, Aubinet et al., 2001].
These measurements suggest low values ofReco during stable, calm nights [Chap-
ter 2; Goulden et al., 1996, Xu et al., 1999, Mölder et al., 2000, de Araújo et al., 2002,
Aubinet et al., 2003, Baldocchi, 2003, Kruijt et al., 2004, Staebler and Fitzjarrald, 2004].
There is no ecophysiological reason that explains such apparent decreases inReco. It is
often hypothesized that in these sites, CO2 respired in up-slope areas is transported lat-

1The contents of this chapter have been published as A.C. de Araújo, B. Kruijt, A.D. Nobre, A.J. Dolman,
M.J. Waterloo, E.J. Moors, and J.S. Souza. Nocturnal accumulation of CO2 underneath a tropical forest
canopy along a topographical gradient. Ecological Applications 18(6): 1406–1419, September 2008.
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erally from its source by mechanisms such as vertical and horizontal advection. These
unfortunately are not detected by standard eddy covarianceand storage observation
techniques [Aubinet et al., 2003, Staebler and Fitzjarrald, 2004, Marcolla et al., 2005,
Goulden et al., 2006].

An important source of CO2 within a canopy is soil respiration (Rsoil), which is
composed of autotrophic (root) respiration and heterotrophic (microbial) respiration
in both rhizosphere and bulk soil [Buchmann et al., 1997, Bazzaz and Williams, 1991].
Rsoil can vary strongly over space and time [La Scala Jr. et al., 2000, Malhi et al., 1999,
Sotta et al., 2004]. Variability inRsoil along a topographical transect in Amazon forest
was reported by de Souza [2004] and Chambers et al. [2004]. They observed high
Rsoil where the slope was steepest and strong correlation ofRsoil with soil texture,
which varies along topography.

In hilly terrain, the spatial variability of [CO2] in the air near the ground or in
canopies can be substantial as result of the variation inRsoil with position of the water
table, but also resulting from advection induced by temperature-driven gravity flows.
For example, Reiners and Anderson [1968] measured verticalprofiles of [CO2] along
a gentle slope and found higher [CO2] near the ground in the upper and middle part
of the slope, but vertically uniform profiles in the lowest parts. Aubinet et al. [2003]
observed a horizontal [CO2] gradient under stable atmospheric conditions, and found
that the lowest [CO2] was always near the downstream point. Entrainment from air
above was considered the driving force of their findings. Eugster and Siegrist [2000],
on the other hand, in a study along a steep slope in the Swiss Alps, considered nighttime
katabatic drainage flow of CO2-rich cold air as the main contributor to high [CO2] up
to about 3m above ground. Goulden et al. [2006], finally, using heat-sensing satellite
imagery, showed for a central Amazon landscape with plateaus and valleys that cold
air concentrates in the lower areas during calm nights suggesting that air does indeed
drain down hill.

Tropical forests present the ”worst case scenario” or ultimate test case for all of
these processes, becauseReco is high relative to daytime uptake, and low wind speed
and stable conditions are frequent. Decoupling between thecanopy air and free atmo-
spheric air in these forests may then lead to large concentration gradients overnight.
Depending on the local topography, both variation inRsoil and lateral drainage may
induce horizontal gradients and movements of CO2 that are not detected by EC tech-
niques. The main goal of the present study is to understand these gradients and, ul-
timately, to assess how their variation is related to the vertical and lateral advection
of CO2. More specifically, we want to measure both vertical and horizontal variation
of [CO2] in a tropical rainforest in the Amazon along a topographical gradient. We
describe the diurnal and seasonal patterns of canopy [CO2] profiles along topography
and analyse the controls on the build up and breakdown of these profiles.

3.2 Material and methods

3.2.1 Site

The measurements were taken at the Manaus LBA site (2◦36′32.67′′ S, 60◦12′33.48′′ W,
130m a.s.l. - above sea level), located in the Asu catchment, in the Reserva Biológica
do Cuieiras. The forest belongs to the Instituto Nacional dePesquisas da Amazônia
(INPA). Since 1999 the exchange of CO2, sensible and latent heat, momentum trans-
fer, and weather variables, have been measured almost continuously by an EC system.
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This was set up at 53m height above ground in a tower known as K34, erected on a
plateau area. The mean air temperature at this site was 26◦C between July 1999 and
June 2000 [Chapter 2; de Araújo et al., 2002]. The total annual rainfall is about 2400
mm, with a distinct dry season during July, August and September when there is less
than 100mm per month [Chambers et al., 2004, Luizão et al., 2004]. There is very
little large-scale topography in this region, but at a smaller scale, the dense drainage
network has formed a pattern of plateaus and valleys. The mean altitude here is about
100m a.s.l. with about 60m difference between plateaus and valleys. The soils along a
typical toposequence consist of Oxisols on plateaus, Utilsols on slopes, and Spodosols
associated with small valley streams. From the plateau downto the valley, the soil (top
5 cm) clay fraction decreases and the sand fraction increases [Chambers et al., 2004].
The vegetation classifies as an old-growth, closed-canopyterra firme (non-flooded)
forest, but variation in soil type and topography creates distinct habitats for the forest
vegetation. On the plateaus, well drained clay soils favor high biomass forests with
35–40m in height with emergent trees over 45m tall: typical terra firmeforest. Along
the slopes, where a layer of sandy soil is deepening towards the valley bottom, forest
biomass is lower and height is around 20–35m with few emerging trees. In the val-
leys, the sandy soils are usually waterlogged during the rainy season, supporting low
biomass and low tree height (20–35 m), with very few emergingtrees [Luizão et al.,
2004]. A distinct forest type, classified asCampinarana(as it resembles thecamp-
ina forest that develops on white sand areas), also occurs between the lower slope and
valley bottom areas. This vegetation has lower biomass, tree diversity and tree height
(15–25m). The forest canopy is stratified in four layers:

1. emergent – trees that emerge above 45m height;

2. canopy – trees between 20 and 35m tall;

3. middle – formed by the understory regeneration;

4. and shrub – formed by shrubs and seedlings.

We sampled along a transect that has a variable slope, which was divided into three
parts: plateau, slope and valley (Figure 3.1). More complete descriptions of the site can
be found in de Araújo et al. [2002, Chapter 2], Chambers et al. [2004] and Luizão et al.
[2004].

3.3 Instruments and Measurements

3.3.1 Plateau [CO2] profile

At the K34 tower (120m a.s.l.), [CO2] was measured at six heights (0.5, 5.2, 15.6, 28.0,
35.3, 53.1m a.g.l. - above ground level) using an infrared gas analyser (IRGA) model
CIRAS-SC (PP SYSTEMS, UK), which was located in a cabinet at about 30m height
agl. This analyser, with a stated precision of about 0.1 ppm,performs an auto-zero
every half hour and has little long-term drift. The air was brought to the gas analyser
through a set of HDPE-lined tubes (Dekoron 1300, 6.25mm OD, non-buffering ethy-
lene copolymer coating, Aurora, Ohio, USA). The profile system sampled each height
for a 5 min interval, cycling through the entire profile every half-hour using a set of
remotely controlled solenoid valves together with a small membrane air pump NMP
50 DC (KNF, Neuberger, Germany) at a flow rate of about 4.0l min−1. A T-piece
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Figure 3.1: Topographical gradient in a tropical rain forest in central Amazonia along
which [CO2] was sampled underneath and above the canopy. Terrain slopeis indicated
by the symbolα (alpha), expressed as percentage. Black arrows delimit thelength of
each topographical section. The places where the three [CO2] vertical profile measure-
ment devices were installed are also indicated.

was connected between the sampling tubing and the IRGA inlet, which allowed a low
subsampling flow of about 100ml min−1 by the analyser’s internal pump. To prevent
particles to enter the tubing, a nylon funnel with a screen was used at each air intake.
To prevent dust to enter the IRGA sample cell, an air filter (ACRO 50 PTFE 1µm;
Gelman, Ann Arbor, Michigan, USA) was placed just before theIRGA inlet. This sys-
tem has been collecting data continuously since June 1999 [Chapter 2; de Araújo et al.,
2002], and during this study no failure was registered.

The analog output signals from the IRGA actual reading were stored every 30s into
a data logger memory (model CR-10, Campbell Scientific, UK) and then converted to
molar density of CO2. The [CO2] for each height was calculated as the average of the
stored data (10 points) for every 5min interval. This average was then logged at a half-
hourly basis. The longest air sampling tube had an internal volume of about 0.4l that
corresponds to a maximum residence time of 6s. For every change of sampling-height
there were 30s to flush the tubing before the IRGA actual reading started to be stored
into the data logger.

3.3.2 Slope and valley [CO2] profiles

[CO2] vertical profile measurement devices consisting of sampletubes supported by
rigid PVC pipe, pulled up into the highest reachable tree branches were installed along
the transect (Figure 3.1). The first one was installed midwaydown the slope (89.2
m a.s.l.) at about 550m from the K34 tower. It was reached up to 30m above the
ground and [CO2] was measured at six heights (0.5, 3.0, 7.0, 13.0, 20.0, and 30.0
m a.g.l.). The second one was installed in the valley (77.3m a.s.l.) at about 850m from
the K34 tower. It reached up to 11m above the ground and [CO2] was measured at four
heights (0.5, 3.0, 7.0, and 11.0m a.g.l.). The height asl of the top most measurement
level of the slope profile coincided with the height asl of thelowest measurement level
at the plateau profile. The same holds for the valley and slopeprofiles.

The [CO2] was measured by using an IRGA model EGM-3 (PP SYSTEMS, UK).
This IRGA, with a stated accuracy of about 10 ppm and precision of about 0.1 ppm,
performs an auto-zero every 2min and has little long-term drift. The IRGA was kept
in a vertical, upright position on top of a plastic box at about 0.8 m a.g.l. during the



3.3. INSTRUMENTS AND MEASUREMENTS 43

Table 3.1: Type of measurement made along a topographical gradient in the central
Amazon forest for each intensive campaign in 2002.

17-18 Aug 5-7 Sep 26-28 Sep 7-9 Oct 12-14 Nov

CO2 at 1.5 m above
ground

Yes Yes Yes Yes Yes

Slope and valley
CO2 profiles

– – – – Yes

Plateau CO2 profile Yes Yes Yes Yes Yes

measurements. The air was brought to the IRGA through HDPE-lined tubes – similar
to what was described in Section 3.3.1 – by using a small membrane air pump model
NMP 50 DC (KNF, Neuberger, Germany) at a flow rate of about 4.0l min−1. Each
height was manually sampled for 1min, following 2min of flushing the tubing. Again,
the longest air sampling tube had an internal volume of about0.4 l, corresponding to
a maximum residence time of 6s. Description of filters, nylon funnel and T-piece for
this system is similar to what was described in Section 3.3.1. The data were recorded
in the IRGA internal memory as well as on a logbook.

Measurements were made in November 2002, when the transition from the dry to
wet season takes place in the central Amazon. Because it takes 20min to sample a pro-
file and walk from one profile to another, the profile measurements were separated by
about this period of time. For this study, [CO2] was monitored during two consecutive
days, from sunset until midmorning.

3.3.3 [CO2] at 1.5 m above ground

The [CO2] at 1.5m a.g.l. was measured at every 50m along the transect (from K34
tower until about 850m distance in the valley) by using a portable device that consists
of the same combination of IRGA and membrane pump as described in Section 3.3.2,
5 m of tubing (Excelon Bev-A-Line IV, 6mm OD, Thermoplastic Processes, New
Jersey, USA), two small 12V batteries, a 2m length pole, and a rucksack to hold the
pump and batteries. The tubing was attached to the pole, so that samples can be ob-
tained manually up to 3.0m away from the investigator’s body at about 1.5m a.g.l.
Each point was sampled for 1min, following 1 min flushing time. This air sampling
tube had an internal volume of about 0.06l, corresponding to a maximum residence
time of about one second. Again, the airflow rate, filters, nylon funnel and ”T” piece,
and data recording for this system were similar to what was described in Section 3.3.2.
In taking a measurement, care was taken to avoid sampling thebreath of the investi-
gators. Records with anomalously high values and high variability were rejected. The
measurements were taken during five 2–3 days intensive campaigns, which started in
August and lasted until November 2002 (Table 3.1). This period encompasses both the
dry season and the transition from dry to wet season. We focused on both nighttime
and subsequent morning periods. The first campaign was experimental, and provided
the first insights into the instrument performance and variation of [CO2] with time and
topography.
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3.3.4 Calibration

Both IRGAs were calibrated by using the same standard gas, which in the present
study was a primary certified CO2 standard (Praxair, Brazil, 354 ppm 0.5%). The
IRGA from the tower profile was calibrated once every 15 days,and the IRGA used
for both slope and valley vertical profiles and [CO2] sampling at 1.5m height was
calibrated once per week or more. Both IRGAs had an offset of about 1–2 ppm to
the standard. As they are both kept at constant internal celltemperature and set to
perform auto-zero calibration at 30min and 2min intervals, respectively, the drift
can be considered almost negligible. The chemicals were replaced when two-thirds
of their content became exhausted as indicated by color changes. Still, differences
in calibration can evolve between the two different instruments. However, these are
likely to be at most 10 ppm, given the observed drift and calibration procedures. In
comparison, the observed gradients are of order of 50–100 ppm.

3.3.5 Altitude measurements

The altitude along the topographical gradient was determined at every 50m point by
using a precision pressure indicator model DPI 740 (Druck Limited, UK). This sensor
has an operating pressure range of 750-1150 mbar and a statedaccuracy of 0.02% F.S.
(Full Scale). The altitude measurement mode from this sensor uses the ISA 1013.25
hPa as default pressure datum. Hence, the altitude presented here refers to the vertical
distance above sea level. The altitude from each [CO2] vertical profile measurement
level was determined as the summation of the altitude from the transect point where
the [CO2] vertical profile measurement device was installed with theheight agl of each
measurement level.

3.4 Results

3.4.1 Diurnal and seasonal variability of [CO2] vertical profile on
the plateau

Figure 3.2 shows that during the night there usually was an increase in [CO2] at all
levels, reaching a peak value after dawn. This peak occurredat different times (from
06:30 to 08:00h) according to the sampling height. For example, at those levels sur-
rounding the canopy crown (e.g.at 35.3, 28.0 and 15.6m a.g.l.) it occurred at least one
hour before the other levels, thus suggesting a photosynthetic depletion effect. Night-
time [CO2] below the canopy layer (35.3m) was slightly lower in the wet season than
in the dry season, leading to a smaller average total canopy [CO2] difference at dawn
in the wet season (Table 3.2). During the day, a decrease of [CO2] was observed at all
levels and daytime [CO2] differences were almost negligible for all layers except for
the shrub layer that tended to increase during the day (Table3.2). Low [CO2] occurred
in the late afternoon (about 16:00h) for all levels except for the lowest one, which
started to increase again 2 hours earlier (Figure 3.2). In addition, small increases in
[CO2] were observed at the lowest level (about 17:00h) during both seasons. Min-
imum [CO2] was observed at 28.0m a.g.l. During mid-afternoon, in emergent and
canopy layers average [CO2] drawdowns (depression of the near-surface CO2 concen-
tration below the free-atmosphere value) of about 8 ppm and 11 ppm were observed
during the dry and wet seasons, respectively (Figure 3.2).
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Table 3.2: [CO2] differences among several layers for both dry and wet seasons in the
central Amazon forest in 2000. The [CO2] at the top and the bottom of each layer
were used to calculate the difference. Absolute values of this difference are used. Data
expressed in ppm. Time is presented as Local time.

Time Strata Dry season Wet season

06:30h Emergent layer (53.1 – 35.3 m) 9.1 10.5
Canopy layer (35.3 – 15.6 m) 32.4 19.5
Middle layer (15.6 – 5.2 m) 13.6 5.6
Shrub layer (5.2 – 0.5 m) 1.6 8.4
Total (53.1 – 0.5 m) 56.7 44.1

08:00h Emergent layer (53.1 – 35.3 m) 1.3 2.2
Canopy layer (35.3 – 15.6 m) 15.7 11.0
Middle layer (15.6 – 5.2 m) 36.0 22.9
Shrub layer (5.2 – 0.5 m) 20.3 14.9
Total (53.1 – 0.5 m) 73.2 50.9

14:00h Emergent layer (53.1 – 35.3 m) 1.0 1.8
Canopy layer (35.3 – 15.6 m) 0.2 0.0
Middle layer (15.6 – 5.2 m) 5.6 6.6
Shrub layer (5.2 – 0.5 m) 36.0 35.4
Total (53.1 – 0.5 m) 40.5 40.3

16:00h Emergent layer (53.1 – 35.3 m) 0.7 1.6
Canopy layer (35.3 – 15.6 m) 0.0 0.1
Middle layer (15.6 – 5.2 m) 4.1 5.2
Shrub layer (5.2 – 0.5 m) 49.5 43.4
Total (53.1 – 0.5 m) 52.8 46.9
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Figure 3.2: Average daily courses of [CO2] measured on the plateau area along the K34
tower: (a) during the wet season of 2000, from January 1st until June 1st (n = 5004,
for each level); (b) during the dry season of 2000, from June 2nd until December 1st

(n = 5870, for each level). Each point corresponds to half-hourly average [CO2]. The
dash-dot-dot line represents the average tropospheric background [CO2] in Santarém
(02◦51′S, 54◦57′W; 100m a.s.l.) between 3000–4000m above sea level for the first
half of the year 2000 (about 369.3±1.3 ppm). This tropospheric background [CO2]
was determined from 2002 data (about 372.3±1.3 ppm), assuming that average [CO2]
increment in the atmosphere is about 1.5 ppm year−1 [NOAA/ESRL, 2004]. Time is
presented as Local time.

3.4.2 Temporal and spatial variability of [CO2] vertical profiles

Among the topographical positions, [CO2] was generally lower in the plateau profiles
than in those at the slope and valley. During the night, an increase in [CO2] occurred
in all profiles, remarkably also in the slope profile. Early inthe night, we observed
that [CO2] in both slope and valley were reasonably uniform with altitude and quite
similar to [CO2] from the lowest level (at 119m a.s.l.) on the plateau (Figure 3.3d).
Late at night, [CO2] correlated well with altitude and the [CO2] uniformity with al-
titude remained only in the valley, while in the slope and valley profiles rather high
[CO2] were observed compared to that observed at 119m a.s.l. on the plateau (Fig-
ures 3.3a and 3.3e). In addition, there were sharp decreasesin [CO2] at 119m a.s.l.,
corresponding to the canopy layer top on the slope and at 134m a.s.l., the top of mid-
dle layer on the plateau. After dawn, high [CO2] were observed at all topographical
positions (Figures 3.3b and 3.3f), which vanished late in the morning, when only the
levels immediately above the forest floor had high [CO2] (Figure 3.3c). Just after dawn,
on November 13, [CO2] was lowest and vertically uniform above the middle layer on
the plateau, and highest in the shrub layer at the slope (92-89 m a.s.l., Figure 3.3b).
Also, [CO2] was almost identical both from the middle canopy layer downward on the
plateau (134-119m a.s.l.) and from canopy top to the bottom of the middle canopy
layer at the slope (119-96m a.s.l.). During midmorning on November 14, [CO2] was
lowest and vertically uniform from the middle layer upward both at the slope and on
the plateau, and highest just above the forest floor at the slope (Figure 3.3f). In addi-
tion, there was a fair agreement in the range of [CO2] observed in the shrub layer on
the plateau (123-118m a.s.l.), middle layer at the slope (102-96m a.s.l.), and top of
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Figure 3.3: Composite of vertical profiles of [CO2] from three different positions along
the topographical gradient during the night and morning of 13-14 November 2002. The
reference height corresponds to the soil surface level at 850 m in the valley. Circles,
squares and triangles represent [CO2] at plateau, slope and valley, respectively. Points
correspond to average [CO2] (± standard deviation) for each sampling level. Time is
presented as Local time.



48 CHAPTER 3. NOCTURNAL CO2 ACCUMULATION

the middle layer in the valley (88m a.s.l.) (Figures 3.3b and 3.3f).

3.4.3 Temporal and spatial variability of [CO2] at 1.5 m a.g.l.

The [CO2] distribution was similar in all campaigns when the horizontal variation was
sampled at 1.5m a.g.l. along the topographical gradient. For example, [CO2] was
always lower on the plateau than at the slope and in the valley, and its decline occurred
earlier during the morning (Figure 3.4). Early in the morning (from 00:00h to 04:00
h), we observed an increase in [CO2] down the topographical gradient. Usually, there
were two quite clear [CO2] inflection points between 400m and 700m distance from
the K34 tower. In the first, [CO2] increases sharply and achieves a stable and reason-
ably uniform profile, and in the second, it increases again, though less sharply until it
reaches a stable value (Figure 3.4a). The [CO2] peaked after dawn and it was reason-
ably uniform on the plateau and in the valley. In contrast, atthe slope it was variable
and bridged a difference of about 80 ppm between plateau and valley (Figure 3.4b). In
the midmorning (from 08:00h to 10:00h), there was a substantial decrease in [CO2]
on the plateau and at the slope, while it remained high in the valley (Figure 3.4c). Start-
ing in late morning, until 16:00h, [CO2] dropped to values as low as 380 ppm on the
plateau and at the slope. In the valley, it usually remained above the tropospheric back-
ground by about 25 ppm (Figure 3.4d). Between 16:00h and 20:00h, a slight increase
in [CO2] was observed at the slope and in the valley (Figure 3.4e). Late at night, [CO2]
increased strongly in all topographical positions, where [CO2] at the both slope and in
the valley was fairly uniform and higher than on the plateau (Figure 3.4f).

The average [CO2] measured during the mornings was higher in the November
campaigns than in September (Figure 3.5a). This increase was strongest just after
dawn (07:00h), about 150 ppm difference, and weakest in the midmorning (10:00h)
with about 30 ppm difference (Figures 3.5b and 3.5c). For a better assessment of the
[CO2] development during the night and subsequent morning the stability parameter
z/L (wherez is the height of observation, andL is the Obukhov length), obtained
from EC data, was used as a criterion to rank conditions. The nighttime periods from
November 12–13 and September 5–6 were ranked as the most and least stable, respec-
tively (Table 3.3).

3.5 Discussion

3.5.1 Diurnal and seasonal variability of [CO2] vertical profile on
the plateau

The minimum [CO2] at 0.5m a.g.l. occurred at about 14:00h (Figure 3.2), two hours
after the time that the maximum wind speed, friction velocity (u∗) and solar incoming
radiation above the K34 canopy occurs [Chapter 2; de Araújoet al., 2002]. This may
be the consequence of a damped and delayed entrainment of CO2 depleted air from the
afternoon mixed layer into the canopy interior [Wofsy et al., 1988]. The rapid drop in
[CO2] observed also at this height (about 18:00h) may be explained by neutral condi-
tions that develop underneath the canopy during the transition between day and night.
During the day, the surface boundary layer is unstable and the canopy atmosphere is
stable [Kruijt et al., 2000, Goulden et al., 2006]. Late in the afternoon, the atmosphere
underneath the canopy shifts from stable to either neutral or slightly unstable, and this
is most likely when the CO2 stored in the layers just above the forest floor is released.
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Figure 3.4: Average distribution of [CO2] at 1.5 m height above ground along the
topographical gradient for different periods of the day from August until November
2002. Each point corresponds to average [CO2] (± standard deviation) at every 50 m
distance interval along the topographical gradient. The dashed line in (d) represents
the average tropospheric background [CO2] in Santarém (02◦51′S, 54◦S 57′W, 100
m a.s.l.) between 3000–4000m above sea level for the year 2002, about 372.3±1.3
ppm [NOAA/ESRL, 2004]. Time is presented as Local time. The origin of the distance
corresponds to the K34 tower base.
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Figure 3.5: (a) Temporal variability of averaged [CO2] measured at 1.5m height above
ground along the topographical gradient just after dawn, from August until November
2002. The lower and upper boundaries of the box indicate the 25th and 75th per-
centiles, respectively. The whiskers (error bars) below and above the box indicate the
10th and 90th percentiles, respectively. The thin and thick lines in the box indicate the
[CO2] median and mean, respectively. The points indicate the outliers. (b) [CO2] at
1.5 m height above ground along the topographical gradient during the mornings on
September 6th 2002 and (c) on November 13th 2002. Each point corresponds to [CO2]
average at every 50m distance interval along the topographical gradient. The origin of
the distance corresponds to the K34 tower base. Time is presented as Local time.
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Table 3.3: Stability parameterz/L (wherez is the height of observation, andL is the Obukhov length) calculated from average values measured by
the eddy covariance system at 53m height above ground level on the plateau, from sunset until midmorning periods, for each campaign. Thez/L is
presented as the average for each period (± standard deviation). Time is presented as Local time.

Period 17-18/Aug 5-6/Sep 6-7/Sep 26-27/Sep 27-28/Sep 7-8/Oct 8-9/Oct 12-13/Nov 13-14/Nov

20:00–24:00h 1.1±3.2 -9.8±24.4 6.6±18.2 0.1±0.3 2.1±6.0 3.7±5.4 5.4±7.2 4.6±29.5 -0.8±8.4
24:00–06:00h -0.9±2.2 -5.0±16.3 0.6±2.16 1.6±2.1 -2.0±6.0 1.4±3.3 -7.0±15.8 2.4±5.0 1.4±11.4
20:00–06:00h -0.1±2.9 -4.9±15.5 3.7±11.9 1.1±1.8 -0.2±6.4 2.3±4.4 -2.7±14.3 3.7±19.1 0.8±10.3
06:00h -5.2 1.5 4.3 2.2 0.9 0.4 2.9 2.8 -2.9
07:00h 4.6 2.6 1.3 -0.3 -7.4 1.3 0.5 0.7 0.3
08:00h 0.1 -0.2 -0.3 -3.5 12.1 -0.1 -0.1 -1.2 -0.9
09:00h -0.8 -0.4 -4.4 -2.1 -1.0 -0.3 -0.1 -1.4 -1.8
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The [CO2] drawdown of about 8 ppm and 11 ppm for dry and wet seasons, respec-
tively (Figure 3.2), is similar to 10 ppm and 7 ppm midday depletion of [CO2] for an
Amazonian rainforest canopy in French Guiana for dry and wetseasons, respectively
[Buchmann et al., 1997]. Furthermore, the seasonal difference observed in this study
is supported by EC data taken at the K34 tower, which show lower carbon uptake in
the dry season than in the wet season [Chapter 2; de Araújo etal., 2002].

Nighttime [CO2] below the canopy layer (35.3m a.g.l.) was slightly lower in
the wet season than in the dry season (Figure 3.2), similar towhat was reported by
Buchmann et al. [1997]. These authors attributed this to lower Rsoil as consequence
of the heavy rains that may have water-saturated the upper soil profile, limiting dif-
fusion of CO2 out of the soil and/or microbial respiration. However, studies carried
out near to and at our study site have shown thatRsoil on the plateau is higher in the
wet season than in the dry season [Chambers et al., 2004, de Souza, 2004]. Moreover,
EC data have also shown higher average nocturnalReco in the wet season for Amazon
forest [Chapter 2; de Araújo et al., 2002, Goulden et al., 2004]. Thus, neitherRsoil nor
Reco can be responsible for higher nighttime [CO2] below the canopy layer in the
dry season. A possible explanation could be a reduction in vertical mixing during the
nights in the dry season, when the frequency of nighttime cloudless sky is relatively
higher and wind speeds lower than in the wet season. In these conditions, stable inver-
sions develop over the canopy more frequently, suppressingvertical mixing between
the forest and the atmosphere [Chapter 2; Fitzjarrald and Moore, 1990, Bosveld et al.,
1999, Culf et al., 1999, de Araújo et al., 2002, Miller et al., 2004, von Randow et al.,
2004]. Indeed, it was observed that nocturnalu∗ above tall forests in Amazon is
slightly lower in the dry season than in the wet season [Chapter 2; de Araújo et al.,
2002, Saleska et al., 2003, Kruijt et al., 2004]. We examinednocturnalu∗ for both sea-
sons and found that it was 7% less frequent below 0.2m s−1 in the wet season than
in the dry season (Figure 3.6). These results are consistentwith Miller et al. [2004],
for an Amazonian forest about 700km east of our site. This suggests that there may
indeed be slightly more vertical mixing during the nights inthe wet season.

3.5.2 Vertical and horizontal variability of [CO 2] along the topog-
raphy

The occurrence of higher [CO2] at the slope and in the valley than on the plateau, be-
tween 20:00h and 24:00h, shows that nocturnal CO2 buildup starts earlier in the low-
lying areas of this landscape (Figures 3.3d and 3.4f). Furthermore, the fairly uniform
[CO2] at the slope, in the valley and on the plateau, suggests thatCO2 stratification is
horizontal. The preferential pooling of CO2 in the lower areas during the night may re-
sult from a combination of physical (mixing and transport) and biotic (soil respiration)
processes. During the stable conditions considered here, CO2 turbulent fluxes out of
the canopy on the plateau were very low (data not shown). However, topographically-
generated lateral flow,i.e. advection, is likely to occur as a result of vertical thermal
gradients. The nighttime cooling of the valley surfaces maygenerate katabatic winds
that usually flow gently downhill, transporting cold air. These winds may even occur
in areas with height differences of less than 1m [Oke, 1987]. Eugster and Siegrist
[2000], in a study along a steep slope in the Swiss Alps, considered nighttime katabatic
drainage flow of CO2-rich cold air as the main contributor to high [CO2] up to about
3 m a.g.l. Recently, Goulden et al. [2006] showed, by using nocturnal Land Surface
Temperature (LST) imagery in central Amazon forest, that there was a relationship be-
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Figure 3.6: (a) Average evolution of friction velocity (u∗) from sunset until midmorn-
ing in 2000.u∗ was measured at 53m height above ground on the plateau. Dotted line:
dry season (from June 2nd until December 1st, n= 7528). Solid line: wet season (from
January 1st until June 1st, n= 5660). Each point corresponds to half-hour averages.
(b) Relative frequency distribution ofu∗ classes, measured from 18:00h to 08:00h, at
both dry and wet seasons in 2000. Time is presented as Local time.
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tween LST and terrain elevation on clear nights, with coolersurface temperatures at
lower elevations. They inferred that cold air was pooling inthe lower topographical
areas, and that cold-air drainage removed CO2 from higher topographical areas. It is
likely that the same process occurs at our site. Additionally, Rsoil varies along the
topography, as shown by Chambers et al. [2004] and de Souza [2004]. Rsoil measure-
ments made at our site during the dry season of 2003 showed that Rsoil was lower on
the plateau than along the slope and in the valley, about 5.3 and 6.1µmol m−2 s−1,
respectively [de Souza, 2004]. HigherRsoil along the slope and in the valley may also
contribute to the nocturnal CO2 buildup in the lower parts of the landscape. For ex-
ample, the storage flux measured on the plateau (about 5.2µmol m−2 s−1) during
the nighttime of November 13–14 (from 21:00 to 04:00) agreedwell with Rsoil values
reported by de Souza [2004], whereas at the slope (about 4.0µmol m−2 s−1) it did
not. Assuming that CO2 turbulent fluxes out of the canopy at the slope are also very
low, this suggests that there may be more CO2 moving downhill along the slope than
on the plateau. Cool air moving down slope by drainage is probably replaced by the
downward movement of warm air from above [Oke, 1987, Gouldenet al., 2006].

The step change in [CO2] observed in the early morning between plateau and
slope at about 120m a.s.l., corresponds to canopy layer top at the slope (Figures 3.3a
and 3.3e). A sharp change in [CO2] level was also observed at about 400–500m along
the topographical transect (Figure 3.4a), the altitude of which is at about 111m a.s.l.
The coldest air settles to the lower parts of the valley, therefore there is likely to be an
inversion somewhere along the topography. Wofsy et al. [1988], working in a forest at
about 50km from our site, observed that the formation of an inversion inlate afternoon
separated the atmosphere above 35m a.g.l. from the forest canopy top at 28m a.g.l. At
our site, sparse measurements of [CO2] gathered using a tethered balloon, which was
deployed in the valley before dawn, also showed a strong depletion in [CO2] (about
40-60 ppm) at an altitude of about 120-130m a.s.l. (Julio Tota, personal communi-
cation, data not published). Again, at about 134m a.s.l., corresponding to the top of
the middle canopy layer on the plateau, there was another step change in [CO2] likely
due to a strong temperature inversion above this layer (Figures 3.3a and 3.3e). Because
there were no air temperature measurements well above and underneath the canopies
at slope and valley, we cannot corroborate this suggestion with empirical data. Nev-
ertheless, Goulden et al. [2006], who measured air temperature vertical profile on the
plateau of another Amazonian forest, observed an upper-warm layer (from about 20 to
30m a.g.l. upward) and a lower-cool layer (from about 20m a.g.l. downward) between
the forest floor and canopy layer top during nighttime. At oursite, specifically on the
plateau, at least 50% of the total leaf area is located in the canopy layer (from 20m to
35 m a.g.l.) and the height of maximum leaf area density occurs atabout 28m a.g.l.
[Marques Filho et al., 2005, about 146m a.s.l.]. This height corresponds to the height
of the sharp decrease in [CO2] observed late at night (Figures 3.3a and 3.3e). Thus, the
formation of a nocturnal inversion within the canopy due to thermal stratification might
explain the step change in [CO2] level observed between 134m a.s.l. and 154m a.s.l.
(Figures 3.3a and 3.3e). However, it seems that this does notapply in the valley, be-
cause [CO2] was vertically uniform there. Therefore, another mechanism should be
involved there, counteracting the canopy thermal stratification. Reiners and Anderson
[1968], who measured [CO2] vertical profiles in a Cedar forest along a gentle slope
under calm conditions, also observed that [CO2] was nearly uniform at the lower slope
and non-uniform upslope during the night. They argued that downhill air movement
produced a cyclic pattern of airflow rather than producing a stagnant pool of cold air
at slope bottom. A pattern similar to that was proposed by Oke[1987], who stated
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Figure 3.7: Filled contour plot of [CO2] underneath and above the canopy along the
topographical gradient after dawn on (a) November 13th 2002 and (b) November 14th

2002. A mask was used to filter out the heights above the canopywhere [CO2] was not
measured. The color scheme shows that [CO2] contours lines shifts gradually at every
50 ppm across the grid, starting from the lowest [CO2]. The origin of the distance
corresponds to the K34 tower base. Time is presented as Localtime.

that lower air layers cool and slide down slope under the influence of gravity. The
convergence of these layers in the valley centre results in aweak lifting motion (turbu-
lent mixing), and to maintain continuity a closed circulation develops across the valley
involving air sinking at the slope. The occurrence of thermal belts in Amazon for-
est [Goulden et al., 2006], on clear nights, shows that the air in the valley centre may
indeed be well mixed.

The erosion of the nocturnal CO2 buildup along the topographical gradient in the
mornings of November 13 and 14 is shown in Figure 3.7, which uses a polynomial
regression surface fitted to [CO2] from all profiles. [CO2] was stratified almost hor-
izontally in layers of increasing concentration. This might have been determined by
nocturnal temperature inversions across the whole valley,from top to bottom, all along
the topographical gradient. Low [CO2] formed a shallower layer (especially on the
plateau) on November 13 than on November 14 (Figure 3.7), most likely due to the
differences in time and stability. The atmosphere was more stable on November 13
(from 07:00h to 08:00h) than on November 14 (from 08:00h to 09:00h, Table 3.3),
showing that CO2 is ”cleaned up” more rapidly on the plateau than at the both slope
and in the valley. Oke [1987] described the destruction of the nocturnal valley inversion
as a process that is followed by the occurrence of a shallow mixed layer over the valley
floor and slope, the result of sensible heat flux from the surface generated by the solar
heating of the valley. As these mixed layers develop, upslope thin flows (anabatic) oc-
cur and remove air from the valley floor, and commonly the uplift of these flows occurs
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along the slopes. It is likely that this process occurs at oursite because high emis-
sions of CO2 were detected by EC system after calm night [Chapter 2; de Araújo et al.,
2002]. These can also be caused by the onset of turbulence releasing the CO2 stored
in the canopy air, and are potentially enhanced by upslope flows. Unfortunately, the
single point EC observations allow no distinction between these two mechanisms. Af-
ter dawn on November 13 and 14, high [CO2] was observed from the middle layer
downwards on the plateau and in the shrub layer at the slope, and low [CO2] in both
the canopy layer at the slope and top of the middle layer in thevalley (Figures 3.3b
and 3.3f). The [CO2] increase in the shrub layer on the plateau was faster from 06:00
h to 08:00h than during the previous 6 hours (data not shown), similarlyto what was
observed during the dry season 2000 (see Figure 3.2b). The [CO2] measured at about
1.5 m a.g.l. (from 00:00h to 08:00h) along the topographical transect also showed
how fast [CO2] increased (Figures 3.4a and 3.4b). This may suggest that either the
increase is caused by CO2 transported upslope along the topographical gradient or that
Rsoil increases due to an increase in air movement near the soil-atmosphere interface
that pumps air out of the soil layer [Ryan and Law, 2005].

The maintenance of high [CO2] in the valley, from midmorning until late after-
noon, indicates that there is either less vertical mixing ora strong source of CO2 in
the valley. Weak vertical mixing in the valley may be relatedto low wind speed due
to topographically modified winds. Surfaces with slopes up to 30% usually allow the
boundary layer flow to adjust without separation, slowing down at the bottom of the
slope [Oke, 1987]. The presence of a stronger source in the valley is also possible.
Indeed, de Souza [2004] found thatRsoil was higher in the valley than on the plateau,
at least during the dry season.

Rainfall events prior to and during the campaigns made in September may explain
why the average [CO2] measured during the morning was lower than in other months.
For example, rainfall only occurred on September 5–6 and on September 26–27 (data
not shown), which correspond to the periods that presented the lowest average [CO2]
(Figure 3.5a). Fitzjarrald et al. [1990] showed that even small rain clouds could evac-
uate trace gases accumulated in the canopy, and that deep mixing had the potential to
remove those gases at the forest floor level. Deep mixing mostlikely has occurred at
our site on those dates in September. The average [CO2] measured in the subsequent
mornings indicates a recovering of the CO2 nocturnal buildup.

The most and least stable nighttime periods occurred on November 12–13 and on
September 5–6, respectively (Table 3.3). Indeed, the highest average [CO2], mea-
sured during the morning, was observed on November 13 (Figure 3.5a). However, the
lowest average [CO2], measured during the morning, was observed on September 27
rather than on September 6. According to the average nighttimez/L for September
26–27, stable conditions prevailed above the canopy (Table3.3). The expected noc-
turnal CO2 buildup underneath the canopy in this case seemed to be hampered by the
rainfall that occurred on September 26. Figures 3.5b and 3.5c, which show the [CO2]
measured during the morning along the transect on September6 and on November 13,
respectively, suggests thatz/L – measured on top of the plateau tower, 171m a.s.l. –
may be used to infer turbulence underneath the canopy of the topographical gradient
only when the nighttime conditions are either unstable or very stable.
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3.6 Conclusions

In general, the diurnal pattern of the [CO2] vertical profile on the plateau showed an in-
crease during the night with a maximum at dawn, followed by a decline to an afternoon
minimum. The seasonal pattern showed stronger [CO2] drawdown in the wet season
than in the dry season. Nighttime [CO2] was higher in the dry season than in the wet
season due to reduced vertical mixing during the dry season.

There is a preferential pooling of CO2 in the lower topographical areas of this
landscape, most likely due to nocturnal advection of CO2 and spatial variability of
Rsoil along the topography. During the night, CO2 buildup started earlier at the slope
and in the valley than on the plateau, and [CO2] was stratified horizontally in layers of
increasing concentration (from top to bottom) along the topographical gradient. This
horizontal stratification seemed to be determined by inversion layers that develop above
and underneath the canopy. In addition, the [CO2] vertical profile was uniform in the
valley and showed that the air was well mixed there, likely due to the occurrence of
thermal belts. During the morning, usually there was a sharpdecrease in [CO2], but
the CO2 stored in the valley took longer to be released than that on the plateau. From
the present data, it appears that sometimes the [CO2] in the valley does not drop to the
same levels as on the plateau at any time during the day.

This study shows that the storage, and the changes in storage, of CO2 inside a
tropical forest on undulating terrain is spatially very heterogeneous, even within the
footprint of a flux tower (about 1km in this case). The observed large fluxes into (at
night) and out of storage (during early morning), in the valley bottom, may well con-
tribute to the EC flux. This is illustrated here by showing apparent redistribution and
substantiated by descriptions of similar phenomena in the literature. These processes
and variability are usually not accounted for when correcting EC fluxes [Chapter 2;
de Araújo et al., 2002]. To reduce the uncertainty in the carbon balance of tropical
forests a new methodology needs to be developed. This shouldcombine theu∗ filter
approach (to determine when the nocturnal CO2 fluxes need to be rejected) with mea-
surements of spatial CO2 variability and a footprint model analysis (to determine to
what extent storage changes contribute to tower fluxes).

For this, permanent automatic devices should be installed to measure [CO2] and
temperature vertical profiles, at one or two points along topographical gradients near a
flux tower. In addition, the combination of [CO2] profile measurements with analyses
of stable isotopesδ13C andδ18O fromReco may help to determine the source strength
of CO2 in the valley (Chapter 4). Finally, an experiment devised toquantify directly the
advection flow at the slope is needed. These types of measurements are presently being
executed at the Manaus K34 site, and will be reported on in subsequent publications.
In the meantime, care should be taken with single profiles of [CO2] to correct eddy
covariance fluxes.
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Chapter 4

Implications of CO2 pooling on
δ13C of ecosystem respiration
and leaves in Amazonian forest1

4.1 Introduction

The use of isotopic tracers in organic matter, water, and atmospheric gases has emerged
as a powerful tool that integrates biotic and physical processes over space and time,
improving our understanding of plant physiology, biogeochemistry, and ecosystem
function [Pataki et al., 2003b, 2007]. The mean carbon isotope ratio of atmospheric
CO2 (δ13Ca) is currently -8‰ [Keeling et al., 2005a,b]. Plants utilising the C3 photo-
synthetic pathway (the majority of terrestrial plants) typically have values ofδ13Cthat
range from -21‰ to -35‰ [Pataki et al., 2007]. An expression for discrimination in
leaves (∆leaf) of C3 plants can be stated as follows:

∆leaf = a + (b − a)
ci

ca

(4.1)

wherea is the fractionation associated with diffusion (4.4‰),b is the net kinetic /
enzymatic fractionation associated with carboxylation (27‰), andci and ca are the
intercellular and atmospheric concentrations of CO2, respectively. The∆leaf therefore
is a function of theci/ca ratio, which is sensitive to a variety of factors that influence
the balance of stomatal conductance and assimilation rate,for example light and water
availability [Pataki et al., 2003b].

The carbon isotope ratio of a leaf (δ13Cleaf ) is a measure that integrates the pho-
tosynthetic activity over the period of weeks to months during which the leaf tissue
was synthesized [Ometto et al., 2002, Dawson et al., 2002, Ometto et al., 2006]. In
tropical forests,δ13Cleaf is strongly correlated with the height of the leaf within the
canopy. Lowδ13Cleaf (more negative) is observed in the understory vegetation, and
high δ13Cleaf (less negative) is observed in the upper canopy [Medina and Minchin,
1980, Medina et al., 1986, 1991, Vandermerwe and Medina, 1989, Sternberg et al., 1989,

1The contents of this chapter have been published as A.C. de Araújo, J.P.H.B. Ometto, A.J. Dolman,
B. Kruijt, M.J. Waterloo, and J.R. Ehleringer. Implications of CO2 pooling on deltaδ13C of ecosystem
respiration and leaves in Amazonian forest. Biogeosciences, 3(5):779–795, May 2008.
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Zimmerman and Ehleringer, 1990, Broadmeadow et al., 1992, Buchmann et al., 1997,
Guehl et al., 1998, Martinelli et al., 1998, Bonal et al., 2000, Ometto et al., 2002, 2006].
This trend inδ13Cleaf through the canopy is related to the reassimilation of respired
CO2 and differences in conditions such as light and vapour pressure deficit through the
canopy, resulting in changes inci/ca ratios [Sternberg et al., 1989, Lloyd et al., 1996,
Sternberg et al., 1997, Buchmann et al., 1997, Ometto et al.,2002, 2006].

The temporal and spatial variability ofδ13Cleaf in forested landscapes and along
environmental gradients has shown thatδ13Cleaf is more negative in riparian zones or
in areas with high soil moisture content or rainfall input than in areas with low soil
moisture content or rainfall input [Medina and Minchin, 1980, Ehleringer et al., 1986,
1987, Korner et al., 1988, 1991, Garten and Taylor, 1992, Marshall and Zhang, 1993,
Stewart et al., 1995, Sparks and Ehleringer, 1997, Hanba et al., 2000, Bowling et al.,
2002]. Yet, plants growing in dry environments have shown lower ∆leafand higher
water-use efficiency (WUE) than those grown at low altitudesor in wet environments.

In central Amazonia, the small-scale topography is composed of plateaus and val-
leys. These give rise to a high variability of soil moisture contents (θ) in the unsaturated
zone, with plateaus generally having a lower (θ) than the valley edges in the dry season
(J. S. de Souza, unpublished data). de Araújo et al. [2008a,Chapter 3] made nocturnal
measurements ofca along a topographical gradient at a site in central Amazonia. They
showed that in the dry season, depending on the atmospheric stability, larger amounts
of CO2 were stored on the slopes and in the valleys than on the plateaus of this undu-
lating landscape. Lateral drainage of respired CO2 downslope and high soil CO2 efflux
(Rsoil) in the valleys were considered as possible causes for the observed variability in
ca. In addition, these authors observed that the CO2 stored in the air in the valley took
longer to be released than that on the plateau, and thatca in the valley did not decrease
to the same level as on the plateau at any time during the day. This leads to two hy-
potheses for dry season conditions. The first is that theδ13Cleaf in the valleys may be
more negative than that on the plateaus due to both higher soil water availability and
longer time of exposure to highca with low δ13Ca. The second is that the carbon iso-
tope ratio of ecosystem respired CO2 (δ13CReco ) may be less negative on the plateaus
than in the valleys.

This study aims to investigate howδ13Cleaf and δ13Ca vary in time and space
along a topographical gradient at a site in central Amazoniaand analyses the biotic and
physical factors controlling the stable carbon isotope discrimination.

The contents of this chapter have been published by de Araújo et al. [2008b].

4.2 Site description

Measurements were made at the Manaus LBA site (2◦36′32′′ S, 60◦12′33′′ W, 45–
110m above sea level (a.s.l.)), located in the Asu catchment in the Reserva Biológica
do Cuieiras. The forest belongs to the Instituto Nacional dePesquisas da Amazônia
(INPA). The exchange of CO2, sensible and latent heat, momentum transfer, and mete-
orological variables were measured almost continuously ontwo micrometeorological
towers installed in July 1999 and in May 2006. The first tower,known as K34 [Chap-
ter 2; de Araújo et al., 2002], is on a medium sized plateau, whereas the second tower,
known as B34 (Chapter 5), is at the bottom of a U-shaped valley.

The mean air temperature was 26◦C between July 1999 and June 2000 [Chapter 2;
de Araújo et al., 2002]. Average annual rainfall is about 2400 mm, with a distinct dry
season during July, August and September when there is less than 100mm rainfall per
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month [Chapter 2; de Araújo et al., 2002].
There is very little large-scale variation in topography inthe region, but at a smaller

scale, the dense drainage network has formed a pattern of plateaus and valleys. The
mean elevation is about 100m a.s.l., with about 40–60m difference between plateaus
and valley bottoms. The soils along a typical toposequence consist of well-drained
Oxisols and Ultisols on plateaus and slopes, respectively,and poorly drained Spodosols
in the valleys [Chauvel et al., 1987]. From the plateau down to the valley, the soil (top
5 cm) clay fraction decreases (from about 75% to 5%), with a corresponding increase
of the sand fraction from about 10% to 85% [Ferraz et al., 1998, Chambers et al., 2004,
de Souza, 2004, Luizão et al., 2004].

The vegetation is old-growth closed-canopyterra firme(non-flooded) forest. Vari-
ation in soil type, topography and drainage status has created distinct patterns in forest
vegetation composition. On the plateaus, well drained claysoils favour high biomass
forests 35–40m in height with emergent trees over 45m tall: typical terra firmeforest.
Along the slopes, where a layer of sandy soil is deepening towards the valley bottom,
forest biomass is lower and height is around 20–35m with few emerging trees. In the
valleys, the sandy soils are poorly drained and usually theyremain waterlogged during
the rainy season, supporting low biomass and low tree height(20–35m), with very few
emerging trees. A distinct forest type, classified ascampinarana(as it resembles the
campinaforest that develops on white sand areas), also occurs between the lower slope
and valley bottom areas. This vegetation has lower biomass,tree diversity and tree
height [15–25m; Guillaumet, 1987, Luizão et al., 2004]. The forest canopyis stratified
in four layers. The first layer is that formed by emergent trees, reaching heights of 35–
45 m above ground level (a.g.l.). Below this layer, there are trees with their canopies
between 20 and 35m. The third layer is formed by understory regeneration, whereas
shrubs and seedlings form a fourth layer close to the ground.More elaborate descrip-
tions of the site can be found in [Chapter 2; de Araújo et al.,2002, Andreae et al., 2002,
Chambers et al., 2004, Luizão et al., 2004, Waterloo et al.,2006].

4.3 Material and methods

4.3.1 Air sampling collection and data conditioning

All sampling was carried out in representative plots along atransect that was divided
into three topographical sections: plateau, slope and valley (Figure 3.1). In each plot,
air samples were collected at different levels above and within the canopy forδ13Ca and
ca analysis. Each profile sampling system consisted of high-density polyethylene
(HDPE) tubes (Dekoron 1300, 6.25mm OD, non-buffering ethylene copolymer coat-
ing, USA) with intakes at a different heights. Nylon funnelswith stainless steel filters
were installed on the air intakes to avoid sample contamination by particles. A battery-
operated air pump (Capex V2X, UK) was used to draw air throughthe tubing, a des-
iccant tube containing magnesium perchlorate and a glass sample flask. The flow rate
was 10l min−1. The longest air sampling tube had an internal volume of about 0.65
l that corresponds to a maximum residence time of 4s. All air samples were collected
in pre-evacuated 100ml glass flasks that were closed with two high-vacuum Teflon
stopcocks (34-5671, Kontes Glass Co., USA) after air had been pumped through the
flask for about 3 minutes. Theca was measured at the same time with an infrared gas
analyzer (IRGA; LI-800, LI-COR, Inc., USA). For this a T-piece was connected at the
air pump output, which allowed a low subsampling flow of about800ml min−1 to be
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passed through the IRGA.
Plateau air samples were collected at K34 tower (118m a.s.l.) with a tube system

attached to the tower. The slope profile system was suspendedfrom the highest branch
of a tall tree located about midway down the slope (89m a.s.l.) at 550m from the
K34 tower, whereas the valley profile system, which was suspended in the same way
as that on the slope, was installed in the valley (77m a.s.l.) at about 850m from the
K34 tower (cf. Section 3.3.1). This latter system had its highest intake at11m a.g.l. in
2002 (Section 3.3.1) and was extended to reach up to 30m a.g.l. in August 2004. In
October 2006, the valley profile system was relocated 500m to the west and attached
to the newly erected B34 tower.

Nighttime sampling began about one hour after sunset (at about 19:30h local time)
and ended about one hour before sunrise (at about 05:30h local time) to avoid any
effects of photosynthesis on the estimates ofδ13CReco. In order to increase statistical
confidence inδ13CReco values, we aimed to collected samples with a minimumca

difference of about 75 ppm between samples, which was set a priori as the minimum
difference that shall be observed among the flasks sampled ateach nighttime sampling
[Pataki et al., 2003a, Lai et al., 2004, 2005]. Daytime values of δ13Ca andca within
and above the canopy were obtained between 07:00 and 18:00h. Due to both strong
rainfall on October 10 and technical problems, the last sampling of atmospheric air
during daytime hours occurred on October 16 at both plateau and valley.

The flasks were shipped to the Centro de Energia Nuclear na Agricultura (CENA) in
São Paulo, Brazil, for stable isotope ratio andca analyses. Details about the analytical
procedures at CENA are given in Ometto et al. [2002].

4.3.2 Sampling of foliage and litter

In August 2004, leaf samples were collected once from trees at each topographi-
cal section by a tree climber, sampling a vertical profile through the forest canopy.
The sampling heights were not uniform among the topographical sections, as fol-
lows: plateau (3, 10, 17, 21, 24, 26, and 30m a.g.l.), slope (3, 8, 10, 12, 20, 26,
28, 30m a.g.l.), and valley (3, 7, 20, 25m a.g.l.). There was no botanical classifi-
cation for the trees sampled in August 2004. In October 2006,sun leaves at the top
of the canopy were collected once by a tree climber at plateauand valley sections.
Trees with botanical classification to species level were now systematically selected
according to either their importance value index (IVI) or occurrence at both plateau
and valley areas [I. L. do Amaral, personal communication; de Oliveira and do Amaral,
2004, de Oliveira and do Amaral, 2005]. Each sample from a single tree consisted of
at least five healthy leaves that were combined according to their status (either mature
or young). In August 2004, litter samples were randomly collected at each topograph-
ical section. These were bulked by topographic section to form single samples. The
samples were pre-dried at ambient air temperature for 3 daysin a home-made green-
house located in an open-sky area and shipped to CENA for stable isotope ratio and
elementary analyses.

4.3.3 Soil respired CO2 sampling

In August 2004, CO2 released from the soil was sampled at each topographical section
using the protocol described by Flanagan et al. [1999] and Ometto et al. [2002]. The
sampling was repeated at plateau and valley sites in October2006 and now included
theCampinaranasite. Samples were collected using a stainless steel chamber with an
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internal volume of about 40l and a small electric fan to enhance mixing within the
chamber. Samples were collected at two sites in each topographical section. At each
site, five sample flasks were filled using five minutes time intervals between sampling
for determining the carbon isotope ratio of soil respired CO2 (δ13CRsoil, explained
further). All samples were shipped to CENA for stable isotope ratio andca analyses.

4.3.4 Laboratory analyses

Theδ13Ca in sample flasks were measured using a continuous-flow isotope-ratio mass
spectrometer (IRMS; Delta Plus, Finnigan MAT, Germany) as described by Ehleringer and Cook
[1998] and Ometto et al. [2002]. Measurement precision of this method was 0.13‰ for
13C [Ometto et al., 2002]. The air remaining in the flask after stable isotope ratio anal-
ysis was used to measureca using a system similar to that described by Bowling et al.
[2001]. Measurement precision and accuracy of this method were 0.2 and 0.3 ppm, re-
spectively [Ometto et al., 2002]. Leaf and litter samples were dried at 65◦C to constant
weight, then ground with mortar and pestle to a fine powder. A 1–2 mg subsample of
ground organic material was sealed in a tin capsule and placed into an elemental ana-
lyzer (Carlo Erba Instruments, Model EA 1110 CHNS-O, Milan,Italy) for combustion
and subsequent elemental C and N analysis. The CO2 generated by combustion was
purified in a gas chromatograph column and passed directly tothe inlet of the IRMS
(Delta Plus, Finnigan MAT, USA) operating in continuous-flow mode. These provided
stable isotope ratios of carbon, oxygen and nitrogen (13C/12C; 18O/16O; 15N/14N)
with a measurement precision of 0.2‰ [Ometto et al., 2006]. The carbon isotope ra-
tio was expressed in the delta notation (δ), which relates the measured13C/12C molar
ratio of the sample and the international Pee Dee Belemnite (PDB) limestone standard
[Ehleringer and Rundel, 1989]. Theδ13Cvalues are presented in parts per thousand
(‰).

4.3.5 Correlation betweenδ13CReco and water vapour saturation
deficit

The possibility of a correlation with fine time lag between environmental variables and
δ13CReco may confound our analysis, so we investigated the relation between ambi-
ent vapour pressure deficit andδ13CReco [Ekblad and Högberg, 2001, Bowling et al.,
2002, McDowell et al., 2004, Knohl et al., 2005, Werner et al., 2006]. We selected the
water vapour saturation deficit in the air (D) as a suitable variable because it may
influenceδ13CReco at short time scales, possibly through changes in photosynthetic
discrimination [Bowling et al., 2002]. Daytime mean valueswere used unless speci-
fied otherwise. Because there may be a significant delay between the time that a given
carbon atom is assimilated by photosynthesis and the time that it is respired by vari-
ous ecosystem components [Ekblad and Högberg, 2001], correlations betweenD and
δ13CReco were examined over a range of time lags (e.g. relationships betweenD on
day X andδ13CReco on dayX + n). We calculated averages of daytimeD (from
10:00 to 17:00h) from 1–5 days, and then shifted these averages back in time by 0–15
days. A 1-day average and a 0-day time lag correspond to the average daytimeD on
the day prior to the night of sampling. For a more detailed description of lag analysis
see Bowling et al. [2002], Ekblad and Högberg [2001] and McDowell et al. [2004].
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4.3.6 Statistical analyses

Organic samples (δ13Cleaf and δ13Clitter)

Statistical comparisons were made using Model I ANOVA, and comparisons between
means were evaluated with Bonferronit-tests [Glover and Mitchell, 2002, Sokal and Rohlf,
1995]. Unless otherwise indicated, a significance level of 99% was used in all hypoth-
esis testing (Table 4.1).

Keeling plots for δ13CReco and δ13CRsoil

To obtainδ13CReco andδ13CRsoil a two-source mixing model [Flanagan et al., 1999,
Ometto et al., 2002, Pataki et al., 2003a] was used, as proposed by Keeling [1958]. The
Model II regression or geometric mean regression (GMR) has been recommended to
determine the Y-intercept [Pataki et al., 2003a]. However,Zobitz et al. [2006] argued
that the use of Model II regression to obtainδ13CReco is inappropriate because it is
a biased estimator ofδ13CReco and the relative error in theδ13Ca measurements is
significantly greater than the relative error inca measurements. They suggested there-
fore the use of Model I regression or ordinary least squares (OLS) to determine the
Y-intercept (a) and slope (by.x). We have decided to follow their recommendation,
though we also present the slope (vy.x) and Y-intercept (av) of Model II regression
for δ13CReco in Table 4.2. Uncertainty for the Y-intercept is reported asstandard er-
ror estimate (SEa) from a Model I regression or standard linear regression intercept
[Sokal and Rohlf, 1995, Pataki et al., 2003a, Zobitz et al., 2006]. Because we followed
the suggested guidelines made by Pataki et al. [2003a] to reduce errors when using the
two-source mixing approach for estimatingδ13CReco , the majority of the standard
errors of the Y-intercept reported here are smaller than 1‰ (Table 4.2).

Correlation betweenδ13CReco and D

First-order linear regression was used except in cases where scatter plots suggested
nonlinear or second-order equations were appropriate. ThePearson product-moment
correlation coefficient, usually known by correlation coefficient (r), was used as the
index of association of two variables [Glover and Mitchell,2002].

4.4 Results

4.4.1 Meteorological and turbulent variables

Dry season campaign on 2–5 August 2004

Figure 4.1 shows the diurnal variation of selected meteorological and turbulent vari-
ables measured at the top of K34 tower (53m a.g.l.) during the sampling period. Rain-
fall (12 mm) occurred in the late afternoon of 4 August (data not shown),with a corre-
sponding increase in the friction velocity (u∗) from about 0.2m s−1 to 0.8m s−1 and
D decreased from about 2kPa to 0.5kPa (Figure 4.1a, b). Nighttime values ofu∗

were higher at 0.2m s−1 from 3–4 August than during the other nighttime periods
(Figure 4.1a), implying enhanced vertical mixing from 3–4 August. The nighttime pe-
riods from 3–4 and 4–5 August were ranked as the least and moststable, respectively.
Pre-dawn values ofca were greater on 5 August (about 372.8±5.7 ppm) than on 3
August (about 366.1±1.4 ppm) and 4 August (about 365.6±2.1 ppm) (Figure 4.1a).
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Figure 4.1: Diurnal variation of some meteorological and turbulent variables measured
at the top of K34 tower (53m a.g.l. on the plateau): from 2–5 August 2004 (a-c)
and from 7–10 October 2006 (d-f). Points correspond to half-hourly averages. The
shaded areas indicate nighttime periods. Points above the horizontal dotted line (c and
f) denote CO2 release, and below the line CO2 uptake.



66 CHAPTER 4. CO2 POOLING ANDδ13C

Nighttime values of above-canopy turbulent exchanges of CO2 (Fc) were higher from
3–4 August (about 2.7±0.6 µmol m−2 s−1) than from 2–3 August (about 0.02±0.1
µmol m−2 s−1) and 4–5 August (about 0.2±0.4µmol m−2 s−1, Figure 4.1c).

Dry season campaign on 7–10 October 2006

Due to a lightning strike on the B34 tower, neither meteorological nor turbulent data
measured at this tower (between 27 September and 12 October)were available from
the valley site during the sampling period. Figure 4.1(d–f)therefore shows the diurnal
variability of meteorological and turbulent variables measured at the top of K34 tower
on the plateau. Rainfall occurred in the morning of 8 October(0.2mm) and 10 October
(27mm), respectively (data not shown). Nighttime values ofu∗ were higher for 9–10
October than at the other nighttime periods (Figure 4.1d). The nighttime periods of
9–10 and 7–8 October were ranked as the least and most stable,respectively. The
nighttime values ofca and Fc were higher on 9–10 October than during the other
nighttime periods (Figure 4.1d, f). On 8 and 9 October, between 06:00 to 08:00h local
time (LT), the values ofFc were very high showing considerable amounts of CO2 from
ecosystem respiration (Reco) released in a short time interval (Figure 4.1f). Daytime
values ofFc were lower on 10 October than on 8 October due to a high morningrainfall
on 10 October (Figure 4.1f).

Spatial variability of δ13Cleaf , δ13Clitter and canopy and litter C:N ratio

In August 2004, the vertical profile ofδ13Cleaf through the canopy showed similar pat-
tern for every topographical section, decreasing with depth into the canopy (data not
shown). However, theδ13Cleaf of the canopy layer was significantly more negative
in the valley than on the plateau, with values of -32.34‰ and -28.86‰, respectively
(Table 4.1). On the other hand,δ13Clitter showed no significant difference among
the topographical sections (Table 4.1). Although the litter samples had been collected
randomly, they comprise a mix of litterfall from different canopy heights and decom-
position stages on the soil surface. It is very likely that the reduced number of litter
samples per topographical section may have not been representative of the site vari-
ability.TheC:N ratios of leaves from the canopy layer and litter showed no significant
difference between the means (Table 4.1).

In October 2006,δ13Cleaf at the top of the canopy was significantly more negative
in the valley than on the plateau, about -30.55‰ and -29.71‰,respectively (Table 4.1).
Yet, the C:N ratios of leaves from the top of the canopy were higher in the valley and
Campinaranathan on the plateau, though there was no significant difference between
the means at the 99% level (Table 4.1). No significant difference was observed between
theδ13Cleaf of old and new leaves sampled in October 2006 (data not shown).

4.4.2 Temporal and spatial variability of δ13Ca, ca, δ13CReco and
δ13CRsoil

Campaigns on 8–9 October and 17–18 November 2002

These trial campaigns provided the first insights into the variation ofδ13Ca andca with
time and topography. They suggested that the atmospheric air below the canopy was
more13C depleted in the valley than on the plateau (data not shown).Yet, δ13Ca was
uniform with height a.g.l. in the valley, whereas at both slope and plateau it was quite
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Table 4.1: Stable carbon isotope and C:N ratios of leaves andlitter along a topographical gradient in central Amazonia.Leaves were sampled in the
canopy layer in August 2004 and at the top of the canopy in October 2006. Theδ13Cleaf , δ13Clitter, C:Nleaf and C:Nlitter are presented as average
(± standard error). Averages in the same column followed by different letters (a,b) are significantly different atα = 0.01 (Bonferroni t-tests). The
number of samples collected at each topographical section is presented asn1 andn2, and refer to leaf and litter samples, respectively.

Date Site δ13Cleaf (‰) C:Nleaf δ13Clitter (‰) C:Nlitter n1 n2

August 2004 Plateau -28.86a
±0.84 28.01a ±5.5 -30.75a 27.84a 5 1

Slope -31.54ab
±1.00 35.15a ±5.1 -30.22a 26.67a 4 1

Valley -32.34b ±0.79 35.34a ±5.5 -30.12a 30.84a 5 1

October 2006 Plateau -29.71a
±0.32 30.92a ±2.3 13

Campinarana -30.31b ±0.36 35.24a ±2.8 11
Valley -30.55b ±0.25 37.88a ±2.7 11
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variable. In addition,ca was higher in the valley and slope than on the plateau, and it
was uniform with height a.g.l. in the valley (data not shown).

Dry season campaign on 2–5 August 2004

As in the trial campaigns, nighttime values ofδ13Ca were significantly different among
the topographical sections. Theδ13Ca was more negative in the valley and slope plots
than on the plateau (Figures 4.2a–c). Theδ13Ca difference between the canopy layer
(35–20m a.g.l.) and shrub layer (from 5m a.g.l. downwards) was larger on the
plateau than at the slope and valley, respectively. Post-sunset or pre-dawn values of the
δ13Ca in the canopy layer were always more negative at both slope and valley plots
than on the plateau by at least 1.5‰ or 2.5‰, respectively (Figure 4.2a–c). Before
dawn, on 4 August, theδ13Ca measured at 30m a.g.l. increased sharply at both slope
and valley, this was not observed on 3 and 5 August (Figure 4.2b, c), thus suggesting
that the erosion of the nighttime buildup in the valley had already started.

Opposing the isotopic signatures observed along the topographical transect, night-
time values ofca were higher on the slope and in the valley than on the plateau (Fig-
ure 4.2d-f). In addition, theca difference between the canopy layer and shrub layer was
larger on the plateau than on the slope and in the valley. Before dawn, on 4 August, the
ca measured at 30m a.g.l. decreased sharply at both slope and valley sites, which was
different from the pattern observed on 3 and 5 August (Figure4.2e, f). As mentioned
above, this suggested that the erosion of the nighttime buildup in the valley had already
started.

Figure 4.3 shows the relationship betweenca andδ13Ca for each topographical
section during the three consecutive nighttime periods. Although the second-order re-
gressions for the plateau were quite similar, their curvatures showed that for the same
values ofca the values ofδ13Ca for 4–5 August were slightly less negative than for
2–3 August and 3–4 August, respectively (Figure 4.3a). At both slope and valley, the
regressions were quite variable and hard to interpret (Figure 4.3b, c).δ13CReco (Ta-
ble 4.2) exhibited similar nighttime variability as observed for ca andδ13Ca. From
2–3 August,δ13CReco was less negative on the plateau than at both slope and valley
(Figure 4.4a). On the following day, 3–4 August,δ13CReco became progressively less
negative moving from the valley to the slope and onto the plateau. Finally, from 4–
5 August,δ13CReco was less negative on the slope than on both plateau and valley
(Fig. 4.4a). On the plateau, the values ofδ13CReco agreed very well with the predic-
tions based on the regressions in Fig. 4.3a. Theδ13CRsoil was also variable among the
topographical sections. It was less negative on the plateauthan in the valley, but the
minimum was found on the slope (Figure 4.4b).

Dry season campaign on 7-10 October 2006

Nighttime values ofδ13Ca were more negative in the valley than on the plateau. High
δ13Ca was observed early in the night, whereas lowδ13Ca occurred before dawn. The
δ13Ca was highest on 7 October on the plateau and on 8 October in the valley. The
δ13Ca was lowest on October 8 at both plateau and valley (Figure 4.5a, b). Before
dawn on 8 October,δ13Ca measured at 42m a.g.l. on the plateau and at 30m a.g.l. in
the valley were about 4‰ and 1‰ more enriched in13C, respectively, than the levels
below them (Figure 4.5a, b). From 8–9 October, the values ofδ13Ca from the canopy
layer downwards on the plateau and from middle layer downwards in the valley were
almost uniform with height a.g.l. (Figure 4.5a, b).
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Figure 4.2: Evolution ofδ13Ca andca along a topographical gradient in central Ama-
zonia from sunset until dawn on 2–5 August 2004: on the plateau (a, d), slope (b, e)
and valley (c, f); and measurements ofδ13Ca andca at 42m a.g.l. on the plateau late
in the afternoon on 5 August 2004 (a, d). Points correspond tothe single measure-
ment made at each sampling level. The dashed lines in (a–c) and the dash-dotted lines
in (d–f) represent the carbon isotope ratio of troposphericbackground CO2 (δ13Cb)
and the tropospheric background [CO2] (cb) measured in the marine boundary layer at
Ascension Island, UK (7.92◦ S 14.42◦ W; 54 m a.s.l.), respectively, on August 2004
[White and Vaughn, 2007, Conway et al., 2007, about -8.094‰ and 376.71 ppm;]. The
shaded areas indicate the nighttime periods.
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Figure 4.3: Relation betweenca andδ13Ca along a topographical gradient in central
Amazonia from sunset until dawn on 2–5 August 2004: (a) on theplateau, (b) on the
slope and (c) in the valley. Points correspond to the single measurements made at each
sampling level. The solid, dotted and dashed lines denote the second-order regressions
for the periods of 2–3 August, 3–4 August and 4–5 August, respectively.
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Table 4.2: Statistics of Keeling plots used to obtain theδ13CReco along a topographical gradient in central Amazonia. The slope of Model I regression
(by.x), the Y-intercept of Model I regression (a), the slope of Model II regression (vy.x), the Y-intercept of Model II regression (av), the correlation
coefficient (r), the coefficient of determination (r2), the standard error of the Y-intercept of Model I regression (SEa), and theca minimum, maximum
and range are presented. The values ofa andav are expressed in ‰ (per mil),ca in ppm, andby.x andvy.x in ‰ ppm. The SEa higher than 1‰ is in
bold.

Site Period by.x a vy.x av r r2 SEa ca min ca max ca range n

Plateau 2-3 Aug 2004 8066.06 -29.76 8221.10 -30.14 0.98 0.960.91 379.5 483.7 104.2 20
3-4 Aug 2004 8487.91 -30.79 8562.05 -30.97 0.99 0.98 0.71 388.1 476.3 88.2 16
4-5 Aug 2004 8069.02 -29.62 8107.45 -29.71 0.99 0.99 0.43 374.3 551.9 177.6 20
7-8 Oct 2006 7377.16 -28.02 7403.43 -28.09 0.99 0.99 0.37 374.2 513.2 139 17
8-9 Oct 2006 7698.18 -28.70 7780.70 -28.89 0.99 0.98 0.68 408.7 456.5 47.8 17
9-10 Oct 2006 5609.03 -23.64 5797.74 -24.04 0.96 0.94 0.81 419.4 553.4 134 17

Slope 2-3 Aug 2004 9441.98 -32.46 9605.08 -32.81 0.98 0.97 0.89 394.2 545.3 151.1 18
3-4 Aug 2004 8278.19 -29.39 8447.39 -29.74 0.98 0.96 0.82 428.5 545.7 117.2 20
4-5 Aug 2004 7496.50 -28.30 7517.47 -28.35 0.99 0.99 0.28 410.8 578.7 167.9 18

Valley 2-3 Aug 2004 9658.42 -32.44 9779.97 -32.69 0.99 0.98 0.73 447.7 560.6 112.9 20
3-4 Aug 2004 6489.37 -26.08 6679.55 -26.46 0.97 0.94 0.77 455.7 558.6 102.9 19
4-5 Aug 2004 8299.85 -29.69 8340.31 -29.78 0.99 0.99 0.40 422.2 559.6 137.4 20
7-8 Oct 2006 7523.61 -28.13 7615.30 -28.30 0.99 0.98 0.59 476.2 595.0 118.8 16
8-9 Oct 2006 6671.87 -26.64 7052.79 -27.48 0.93 0.891.29 405.1 488.4 83.3 17
9-10 Oct 2006 5809.47 -25.10 5989.76 -25.48 0.94 0.94 0.79 418.7 523.8 105.1 14
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Figure 4.4:δ13CReco andδ13CRsoil measured along a tographical gradient in central
Amazonia in August 2004 (a, b) and October 2006 (c, d). Pointsin a and c correspond
to the Y-intercept of the Keeling plot (± the standard error) for every nighttime period
at each topographical position. Each point in b and d corresponds to the Y-intercept
of the Keeling plot (± the standard error) at each topographical position on 6 August
2004 and 9 October 2006, respectively.
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Figure 4.5: Diurnal curves ofδ13Ca andca along a topographical gradient in central
Amazonia on 7–10 October 2006: on the plateau (a, c) and in thevalley (b, d). Points
correspond to the single measurements made at each samplinglevel. The dashed line
(a, b) and the dash-dotted line (c, d) represent the carbon isotope ratio of tropospheric
background CO2 (δ13Cb) and the tropospheric background [CO2] (cb) measured in the
marine boundary layer at Ascension Island, UK (7.92◦S 14.42◦W; 54m a.s.l.), respec-
tively, on October 2006 (about -8.156‰ and 380.77 ppm). Theδ13Cb was determined
by linear interpolation using the data from October 2004 and2005, as these were the
last data available (about -8.105‰ and -8.152‰, respectively). Thecb was determined
by adding the annual [CO2] growth rate for the year 2006 (about 1.73 ppm yr−1) to the
[CO2] on October 2005 [White and Vaughn, 2007, Conway et al., 2007, about 379.04
ppm]. The shaded areas indicate nighttime periods. Time is presented as Local Time.
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Nighttime values ofca were higher in the valley than on the plateau. Lowca was
observed early at night and highca before dawn (Figure 4.5c, d). Before dawn on 8
October, theca measured at 42m a.g.l. on the plateau and at 30m a.g.l. in the valley
were about 120 ppm and 30 ppm lower, respectively, than at lower levels (Figure 4.5c,
d). Again, as mentioned before, this suggests that the erosion of the nighttime buildup
on the plateau and in the valley had already started. On 8–9 October, the values ofca

from the canopy layer downwards on the plateau and from middle layer downwards in
the valley were almost uniform with height a.g.l. (Figure 4.5c, d).

The relation betweenca andδ13Ca for each topographical section during the three
consecutive nighttime periods was also investigated. The second-order regressions for
the plateau had the same shape as those shown in Figure 4.3a. In addition, the regres-
sions showed that the values ofδ13Ca from 9–10 October were less negative than those
of 7–8 October and 8–9 October, respectively (data not shown). The regressions for
the valley also had a similar shape as those shown in Figure 4.3c, except now the re-
gression for 8–9 October. The values ofδ13Ca on 7–8 October were less negative than
those observed on 8–9 October and 9–10 October (data not shown).

As shown in Table 4.2, nighttime variability ofca andδ13Ca was also observed
in the values ofδ13CReco. The values ofδ13CReco were more negative in the valley
than on the plateau on 7–8 October and 9–10 October and more positive on 8–9 Oc-
tober (Figure 4.4c). On the plateau, the values ofδ13CReco agreed very well with the
predictions based on the regressions, whereas this was not the case for the valley. In
addition, the values ofδ13CReco were higher than those measured on August 2004.
The δ13CRsoil was greater on the plateau than at theCampinaranaand in the valley,
respectively (Figure 4.4d).

Daytime values ofδ13Ca were typically less negative on the plateau than in the
valley by about 1‰ (Table 4.3).

4.4.3 Correlation betweenδ13CReco and D

There were strong correlations betweenδ13CReco andD at all topographical sections.
In August 2004, the highest correlations were observed with1- and 3-day averages and
2- and 4-day lag times for plateau, slope and valley (Table 4.4). Figure 4.6a shows that
on the plateau, according to Table 4.4, theδ13CReco on 2-3, 3-4 and 4-5 August had a
maximum correlation with the averagedD of 31 July, 1 and 2 August, respectively. In
October 2006, the highest correlations were observed with 1- and 2-day averages and 7-
and 6-day lag times for plateau and valley, respectively (Table 4.4). Figure 4.6b shows
that in the valley, according to Table 4.4, theδ13CReco on 7–8, 8–9 and 9–10 October
had a maximum correlation with the averagedD for the period from 30 September to
1 October, from 1 to 2 October, and from 2 to 3 October, respectively (Figure 4.6b).
Figure 4.6c shows the relationship betweenδ13CReco andD for each topographical
section, according to the results of Table 4.4. Theδ13CReco was more responsive to
changes on the slope and in the valley than on the plateau (Figure 4.6c). However, on
the slope and in the valley,δ13CReco ranged from about -26‰ to -33‰ with almost no
variation inD. On October 2006, on both plateau and valleyδ13CReco was positively
correlated withD (Figure 4.6c). Theδ13CReco was here more responsive to changes
in D on the plateau than in the valley.
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Table 4.3: Statistics of daytime values ofδ13Ca measured along a topographical gradient in central Amazonia. The averagedδ13Ca (± standard error),
δ13Ca min andδ13Ca max are expressed in ‰.

Date
08 Oct 06 09 Oct 06 16 Oct 06

Site z (m a.g.l.) δ
13Ca δ

13Ca min δ
13Ca max n δ

13Ca δ
13Ca min δ

13Ca max n δ
13Ca δ

13Ca min δ
13Ca max n

Plateau 42∗ -9.01 -9.02 -8.99 2 -8.20 1 -9.72 1
22 -8.76±0.2 -9.12 -7.99 6 -8.61±0.1 -9.19 -8.34 6 -9.08±0.2 -9.56 -8.68 6
7 -8.90±0.2 -9.33 -8.07 6 -8.91±0.2 -9.31 -8.37 5 -9.61±0.3 -10.87 -8.48 6

Valley 30∗ -9.35 1 -9.72 1 -10.14 1
20 -9.36±0.2 -9.89 -8.91 6 -10.01±0.2 -10.23 -9.84 6 -10.11±0.3 -10.56 -9.74 6
7 -10.09±0.4 -11.12 -8.76 6 -10.12±0.2 -10.76 -9.70 6 -10.97±0.8 -12.02 -9.76 6

∗ Air samples collected late in the afternoon (between 15:00 and 17:00h local time) at these heights.
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Table 4.4: Summary of correlation analyses betweenδ13CReco and water vapour saturation deficit in the air (D) at a forest site in central Amazonia in
the dry season. Unless otherwise indicated,n = 3 for every topographical section. The number of days averaged (n-day average), the number of days
lagged (n-day time lag), the correlation coefficient (r), the coefficient of determination (r2), the P-value of the regression, the Y-intercept of Model I
regression (a), and the slope of Model I regression (by.x) are presented. The values ofa are expressed in ‰ andby.x in ‰ kPa−1.

Date Site n-day average n-day time lag r r2 P a by.x

August 2004 Plateau 1 2 0.99 0.99 0.046 -33.98 2.41
Slope 3 4 0.99 0.99 0.003 -75.36 27.31
Valley 1 4 0.99 0.98 0.094 -158.65 74.90

October 2006 Plateau 1 7 0.97 0.94 0.160 -39.71 7.18
Valley 2 6 0.99 0.99 0.008 -34.88 4.26
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Figure 4.6: Diurnal curves of half-hourly averages of watervapour saturation deficit in
the air (D) measured at the top of K34 tower (53m a.g.l. on the plateau): from 18 July
to 5 August 2004 (a) and from 22 September to 10 October 2006 (b). Carbon isotope
ratio of ecosystem respired CO2 (δ13CReco ) (± standard error) on the plateau from
2–5 August 2004 (a) and in the valley from 7–10 October 2006 (b). The n-day average
and n-day time lag that presented the maximum correlation betweenδ13CReco andD
on the plateau and in the valley (Table 4.4) are indicated by arrows (a) and horizontal
bars (b), respectively. The length of the horizontal bar denotes the 2-day averaged (Ta-
ble 4.4), and each horizontal bar has a correspondingδ13CReco , from left to right. (c)
Relationship betweenδ13CReco and (averaged and time-lagged)D along a topograph-
ical gradient in central Amazonia in August 2004 (shaded symbols) and October 2006
(open symbols) according to the results of Table 4.4. The linear regressions for slope
and valley in August 2004 were omitted for clarity. The errorbars denote the standard
error.



78 CHAPTER 4. CO2 POOLING ANDδ13C

4.5 Discussion

4.5.1 Spatial variability of δ13Cleaf

Theδ13Cleaf decreased from plateau towards the valley (Table 4.1). Thisresult is con-
sistent with the work of Medina and Minchin [1980] in Amazonia rainforests in the
southern part of Venezuela. These authors reported averaged δ13Cleaf of -28.7‰ and
-30.5‰ for the upper canopy levels of forests on lateritic outcrops and sandy spodosols
soils, respectively. Increased leaf-level photosynthetic capacity of plants has been
linked to higher leaf nitrogen content and leaf mass per unitarea (LMA), and increased
leaf thickness [Sparks and Ehleringer, 1997, Hanba et al., 2000, Vitousek et al., 1990,
Korner and Woodward, 1987, Friend et al., 1989]. Increased leaf-level photosynthetic
capacity would decreaseci at the carboxylation site, thus reducing∆leafand conse-
quently increaseδ13Cleaf [Sparks and Ehleringer, 1997]. At our study site, Luizão etal.
[2004] observed that leaf nitrogen concentration was significantly higher on the plateau
than in the valley. Furthermore, Nardoto [2005] showed thatLMA was higher on the
plateau than in the valley. These results support our findings.

The δ13Cleaf may also be affected by ca,δ13Ca and soil moisture. Even though
daytime values ofca were about 20 ppm lower on the plateau than in the valley (Fig-
ure 4.5c, d) it is unlikely that this difference would have contributed much to the ob-
served pattern inδ13Cleaf . Daytime values ofδ13Ca were about 1‰ lower in the valley
than on the plateau (Table 4.3, Figure 4.5a, b). Lowerδ13Ca may have a significant
contribution to lowering the values ofδ13Cleaf in the valley.

Schulze [1986] demonstrated that leaf conductance might bemore sensitive to soil
moisture than photosynthesis. In this manner, it is very likely that decreased soil mois-
ture content on the plateau would cause a decrease in leaf conductance, which implies
in less diffusion of CO2 to the interior of the stomatal chamber therefore lowering the
ci. As ci decreases in the carboxylation site, theci/ca ratio of a leaf decreases as well
∆leaf and consequentlyδ13Cleaf increases on the plateau. Thus, at this site, it seems
that it is not only∆leaf that explains the pattern inδ13Cleaf , but rather the combination
of factors such as theδ13Ca in air surrounding the leaves, soil moisture availability,
leaf nitrogen concentration, and LMA.

4.5.2 Temporal and spatial variability of δ13Ca and ca

In general,δ13Ca was more negative in the valley than on the plateau at night, whereas
ca showed an opposite pattern,i.e. it was higher in the valley than on the plateau.
This is consistent with the findings in Chapter 3 that showed that in the dry season,
depending on the atmospheric stability, there was a preferential pooling ofca in the
lower topographical areas of this landscape.

Larger differences inδ13Ca andca between canopy layer and shrub layer on the
plateau than in the valley may result from horizontal stratification of the nocturnal
CO2 buildup. As noted in Chapter 3,ca was stratified horizontally in layers of in-
creasing concentration (from top to bottom) along the topographical gradient. This
suggested that horizontal stratification was caused by inversion layers that develop
above and underneath the canopy. Figure 4.7 shows the evolution of vertical profiles of
δ13Ca along the topographical gradient during 3–4 and 4–5 August,which is consis-
tent with the pattern described in Chapter 3. Theδ13Ca measured at about 160m a.s.l.
(42 m a.g.l. on the plateau) was consistently higher than that measured at the levels
below, most likely as a result of the inversion layer that separated the canopy air from
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Figure 4.7: Composite of vertical profiles ofδ13Ca from three different positions along
a topographical gradient in central Amazonia during the nighttime periods from 3–4
August (a–c) and 4–5 August (d–f) 2004. The reference altitude corresponds to the
soil surface level at 850m in the valley (about 77m a.s.l.). Points correspond to the
single measurement made at each sampling level. Time is presented as Local Time.
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the free atmospheric air (Figure 4.7). The vertical stratification ofδ13Ca was clearer
on the plateau than on the slope or in the valley, particularly before dawn, when the
δ13Ca profiles on the slope and in the valley were fairly uniform with altitude (Fig-
ure 4.7). The uniformity ofδ13Ca andca with height in the valley suggests that the air
is well mixed (vertical mixing), most likely as a consequence of the nocturnal thermal
belts that might have occurred [Goulden et al., 2006, cf. Chapter 3]. Vertical mixing
might also have happened on the plateau during the nighttimeperiod from 8–9 Octo-
ber, when the values ofδ13Ca andca from the canopy layer downwards were almost
uniform with height a.g.l., respectively (Figure 4.5).

The δ13Ca was more negative in the valley than on the plateau during daytime
periods, whereasca was higher. In addition, the decrease ofca with time of the day
was faster on the plateau than in the valley (Figure 4.5). This is consistent with the
findings in Chapter 3, where observations showed that in the dry season the CO2 stored
in the valley took longer to be released than that on the plateau, and thatca in the valley
did not decrease to the same level as on the plateau at any timeduring the day. Weak
vertical mixing and highRsoil (discussed below) in the valleys were considered driving
the observed variability inca.

4.5.3 Temporal and spatial variability of δ13CReco and δ13CRsoil

Theδ13CReco is more closely associated with that of sun foliage than withthe shade
foliage across a variety of ecosystems [Pataki et al., 2003a]. In addition,δ13CReco of
an entire ecosystem can be either more enriched or more depleted in 13C than sun
foliage. This association also holds at our site, even considering the high variabil-
ity in δ13CReco in both space and time (Table 4.1, Figure 4.4). Yet, the averaged
δ13Cleaf of the most exposed sun foliage of the dominant tree species of some trop-
ical forests was similar to theδ13CReco value. Thus suggesting that the major portion
of recently respired CO2 in these forests was metabolized carbohydrate fixed by the sun
leaves at the top of the forest canopy [Buchmann et al., 1997,Ometto et al., 2002]. The
δ13CReco is a dynamic indicator of plant physiological response to short-term changes
in environmental conditions. Tu and Dawson [2005] showed that δ13CRsoil (root plus
microbial) is often enriched in13C relative toδ13CReco whereas aboveground respi-
ration (leaf plus stem) is often depleted across a variety ofecosystems. At our site,
δ13CRsoil was higher thanδ13CReco only at the plateau, whereas on the slope and in
the valley it was the opposite (explained below, Figure 4.4). The pattern observed on
the plateau agrees with Buchmann et al. [1997], Flanagan et al. [1999], who also ob-
served higherδ13CRsoil thanδ13CReco in both tropical and boreal forests. In contrast,
Ometto et al. [2002] observed thatδ13CRsoil andδ13CReco were of similar magnitude
in a forest about 700km east of our site.

The associations amongδ13Cleaf , δ13CReco andδ13CRsoil held reasonably well for
the plateau, whereas for the valley they did not. For example, there were periods such
as on 3–4 August and on 8–9 October in whichδ13CReco was higher in the valley than
on the plateau (Figure 4.4a, c). This was somewhat unexpected because in the valley
the δ13Cleaf andδ13CRsoil were well depleted in13C relative to the plateau. Galvão
[2005] also observed thatδ13CRsoil was lower in the valley than on the plateau in the
dry season of 2003. Leaf respiration andRsoil correspond to about 80% ofReco at our
site [Chambers et al., 2004]. Yet,Rsoil measurements made during the dry season of
2003 showed thatRsoil was lower on the plateau than in the valley [de Souza, 2004].
Particularly during these two nighttime periods, there wassome vertical mixing as
shown by the measurements ofu∗ andFc (Figure 4.1). It is unlikely thatRsoil from
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the valley might have contributed toδ13CReco being enriched in13C rather than being
depleted in13C. Higherδ13CReco in the valley than on the plateau therefore points to
a combination of physical (mixing and transport) and biotic(respiration) processes as
in observed earlier in Chapter 3. This was explained by the assumption that respired
CO2 drains downslope and highRsoil in the valleys was driving the observed variability
in ca along this topographical gradient. Because there were no advection measurements
during the periods sampled at this study, we cannot corroborate the lateral drainage with
empirical data.

4.5.4 Correlation betweenδ13CReco and D

According to the highest correlations betweenδ13CReco andD, the time elapsed for a
given carbon atom to be assimilated by photosynthesis and tobe respired by various
ecosystem components varied between 2 and 7 days at this site(Table 4.4). Similar
investigations in boreal, temperate and Mediterranean forest ecosystems have shown
time lags ranging between 0 and 10 days [Bowling et al., 2002,Knohl et al., 2005,
Werner et al., 2006, Ekblad and Högberg, 2001, McDowell et al., 2004, Mortazavi et al.,
2005]. It is important to note that in these forest ecosystems the diversity of species
per unit area is very low, whereas the forests of central Amazonia have more than 200
speciesha−1 [de Oliveira and Mori, 1999, de Oliveira and do Amaral, 2004,de Oliveira and do Amaral,
2005].

Prior to nocturnal sampling periods, there were several rainfall events in August
2004, but not in October 2006 (data not shown), as indicated by the values ofD from
August 2004 and October 2006 (Figure 4.6a, b). This might explain the time lags be-
ing shorter in August 2004 than in October 2006. We do not havea clear explanation
for the time lag of plateau being shorter than for the slope and valley in August 2004
(Table 4.4) as it is somewhat counterintuitive, because trees are taller on the plateau
than on the slope and in the valley. It is likely that the high variability of δ13CReco on
the slope and in the valley may have contributed to this. As mentioned before, it is
very likely that lateral drainage of air enriched in13C from upslope areas occurs at
our site, which leads to unexpected values ofδ13CReco on the slope and in the val-
ley. Nevertheless, in October 2006, the time lags for plateau and valley were 7- and
6-days, respectively (Table 4.4). This shows that the time elapsed for a carbon atom to
move from foliage to the site of respiration is not constant,but rather, it probably shifts
with changes in carbon allocation, tissue metabolism, darkdiscrimination, assimila-
tion rates and environmental conditions [McDowell et al., 2004, Bowling et al., 2002,
Knohl et al., 2005, Werner et al., 2006].

In October 2006,δ13CReco was more responsive to changes inD on the plateau
than in the valley (Figure 4.6c). As mentioned before, priorto nocturnal sampling
periods, there was almost no rainfall in October 2006. Thus,it is likely that highD in
combination with low soil water availability on the plateauhave driven the observed
pattern. Unfortunately, there were no measurements ofθ available for the valley to
corroborate our hypothesis with empirical data. However, for the plateau, there was
a strong negative correlation betweenδ13CReco andθ, and the maximum correlation
was observed with 1-day average and 1-day time lag (r2=0.91). This is consistent with
Lai et al. [2005], McDowell et al. [2004], Werner et al. [2006], Ponton et al. [2006] and
Mortazavi et al. [2005]. The shorter time lag forθ in comparison with that forD
suggests that soil conditions have a faster and likely more direct effect onδ13CReco. For
example, it may indicate that the proportion ofδ13CReco released from heterotrophic
Rsoil responds faster to changes in edaphic conditions [Werner etal., 2006]. This effect
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was shown by Goulden et al. [2004] at a site in central Amazonia.

4.6 conclusions

We formulated two hypotheses to be tested in this study. The first one proposed that
δ13Cleaf is more negative in the valley than on the plateau as a consequence of both
higher soil water availability in the valley and longer timeof exposure to highca with
low δ13Ca in the valley than on the plateau during daytime hours. The second one
proposed that theδ13CReco is more negative in the valley than on the plateau.

There is substantial evidence thatδ13Cleaf is more negative in the valley than on
the plateau (Section 4.5.1). The processes and factors thatmay be playing a role at our
site are leaf nitrogen concentration, LMA, soil moisture availability, ∆leafand lower
δ13Ca in the valley during daytime hours.

According to the literature, a strong positive relationship betweenδ13Cleaf and
WUE exists. Thus, at this site, the observed pattern ofδ13Cleaf might suggest that WUE
is higher on the plateaus than in the valleys. However, therewas no full supporting
evidence for this because it remains unclear how much of the difference inδ13Cleaf was
driven by physiology orδ13Ca.

The δ13Cleaf , δ13Ca andδ13CRsoil were more negative in the valley than on the
plateau. Thus,δ13CReco is expected to be also more negative in the valley than on
the plateau. This was observed on some nights, whereas on others it was not. The
most likely explanation for this was sought in lateral drainage of CO2 enriched in13C
from upslope areas, when the nights are less stable. This argument is purely based on
physical factors only, such as stability parameters, lateral drainage, nocturnal thermal
stratification, thermal belts, etc.

However, biotic factors, such asRsoil and the responses of plants to environmental
variables such asD may also play a role. For example,Rsoil varies spatial and season-
ally along this topography and the response of heterotrophicRsoil to hydration is faster
than that of autotrophicRsoil. The soluble sugars produced at the top of the trees are
used at the sites of respiration (e.g.stem, leaves, and roots) and their signature should
reflect the environmental conditions that prevailed when they were biosynthesized. The
relationship betweenδ13CReco andD sheds light on this issue.



Chapter 5

Interaction of micrometeorology
and surface fluxes confounding
the interpretation of CO2 fluxes
in central Amazonia1

5.1 Introduction

The strength of the terrestrial biosphere carbon sink is a matter of ongoing debate. For
example, in the last decade, the northern-mid latitudes were considered a strong sink
(about 2–4Pg C yr−1) and the tropical land a strong source (about 1–2Pg C yr−1)
[Ciais et al., 1995, Schimel et al., 2000]. However, Stephens et al. [2007] argue that
the uptake by northern land is about 1.5Pg C yr−1 and the release of CO2 by tropical
land is about 0.1Pg C yr−1. This suggests a carbon sink in tropical land regions of
about 1Pg C yr−1.

Among the tropical terrestrial ecosystems, the Amazon forest is the largest, cover-
ing an area of about 5.8 x106 km2, and the total above ground live biomass is estimated
to be about 93±23 Pg C [Malhi et al., 2006]. Recent estimates based on biomass in-
ventory plots measurements have suggested that the Amazon forest is absorbing carbon
at a rate of about 0.7Pg C yr−1 [Phillips et al., 1998, Baker et al., 2004]. In contrast,
estimates based on full eddy covariance measurements have suggested that the forest
might be either a carbon sink (of about 0.7 – 4.2Pg C yr−1) or a carbon source (of
about 0.2 – 0.8Pg C yr−1) or even carbon-neutral [Grace et al., 1995b, Malhi et al.,
1998, de Araújo et al., 2002, Carswell et al., 2002, Saleskaet al., 2003, Miller et al.,
2004, Hutyra et al., 2007, 2008].

The differences among the results of the eddy covariance measurements might
be attributed to their potential underestimation of ecosystem respiration (Reco) dur-
ing calm nights. Even when changes in CO2 stored underneath the eddy covariance
measurement height are taken into account, horizontal drainage of CO2 away from the
measurement towers at night, high spatial and interannual variability of CO2 fluxes, and
natural forest disturbances may give rise to episodic largecarbon losses [Chapter 2;

1The contents of this chapter have been submitted to Agricultural and Forest Meteorology Journal.
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Goulden et al., 1996, de Araújo et al., 2002, Saleska et al.,2003, Miller et al., 2004,
Goulden et al., 2006, Hutyra et al., 2007, Lloyd et al., 2007,de Araújo et al., 2008a].

The temporal and spatially integrated net ecosystem exchange CO2 rates (NEE)
between the ecosystems and the atmosphere is defined as

NEE = Fc + S (5.1)

whereFc is the above-canopy turbulent exchange of CO2 (µmol m−2 s−1), andS is
the change in CO2 storage in the canopy air space [Wofsy et al., 1993,µmol m−2 s−1].
TheFc andS terms reflect the conceptual basis of the EC technique that isto erect a
notional control volume over a representative patch of the surface to measure all the
fluxes across the aerial faces of this volume and any change ofconcentration within it
and then to infer the exchange across the surface patch by difference [Finnigan, 2006].
Usually,Fc andS are measured in a single tower and the mass balance of the control
volume is approximated by assuming horizontal homogeneity. Unfortunately, there is a
prevalence of weak vertical mixing during nighttime conditions in the Amazon forest,
which leads to a violation of the assumption of horizontal homogeneity [Hutyra et al.,
2007]. Under such conditions, when thermal stratification is strong and turbulence
levels are low,S assumes greater importance and often constitutes the dominant term
in the mass balance [Finnigan, 2006]. In addition, it is wellknown that changes inS
around sunrise and sunset can be significant relative toFc, especially over periods like
an hour or less [Xu et al., 1999, Finnigan, 2006].

Particularly in central Amazonia, where the small-scale topography is composed of
plateaus and valleys with a maximum difference in height of about 60 m, de Araújo et al.
[2008a, Chapter 3] and de Araújo et al. [2008b, Chapter 4] observed that there was a
preferential pooling of CO2 in the valleys of this landscape during both nighttime and
daytime conditions. They also observed that the CO2 stored in the valleys took longer
to be released than that on the plateaus. Inversion layers that develop above and within
the canopy along the topography, spatial variability of soil CO2 efflux (Rsoil), weak
vertical mixing in the valley and lateral drainage of respired CO2 downslope were con-
sidered to influence the observed variability in atmospheric CO2 concentration ([CO2])
along the topography [Chapters 3 and 4; de Araújo et al., 2008a,b]. It is very likely
that this variability in [CO2] causesS to be spatially very heterogeneous both along
the topography and within the footprint of the tower. This may affect the interpreta-
tion of NEE on the plateau [Chapters 2 and 3; de Araújo et al.,2002, de Araújo et al.,
2008a], as well in the valley. Indeed, Sun et al. [2007] have suggested that the tradi-
tional method of estimating NEE using isolated towers may underestimate both respi-
ration at night and photosynthesis during daytime, even over relatively flat terrain.

This chapter aims to investigate the spatial and temporal variability of S and NEE
along a topographical gradient at a site in central Amazoniato assess how the spatial
variability in S may affect the NEE measured on the plateau and in the valley. More
specifically, we measured the diurnal variation ofS along the topography by using
a set of automated [CO2] vertical profile measurement systems, as well of NEE and
meteorological variables in the valley by using a newly erected micrometeorological
tower. We describe the diurnal and seasonal patterns of micrometeorology,S and NEE
along the topography and analyze the controlling biotic andphysical factors.
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5.2 Site description

Measurements were made in a pristine tropical rain forest incentral Amazonia, about
60 km northwest of Manaus, Amazonas, Brazil. The site is located in the Reserva
Biológica do Cuieiras that has an area of about 230km2, more specifically in the Asu
catchment. The forest belongs to the Instituto Nacional de Pesquisas da Amazônia
(INPA). Soils are well-drained Oxisols and Ultisols on the plateaus and slopes, respec-
tively, and poorly drained Spodosols in the valleys [Chauvel et al., 1987, Ferraz et al.,
1998, Luizão et al., 2004]. On the plateau, the forests are taller and present higher
biomass than on the slope and in the valley [Guillaumet, 1987, Higuchi et al., 1998].
The diversity of species per unit area is above 200 speciesha−1 [Jardim and Hosokawa,
1987, de Oliveira and do Amaral, 2004, de Oliveira and do Amaral, 2005].Rsoil varies
along the topography, and it is generally higher in the valley than on the plateau in the
dry season and vice-versa in the wet season [de Souza, 2004, Chambers et al., 2004,
van Diepen, 2006]. Leaf nitrogen concentration is higher onthe plateau than in the val-
ley, whereas the leaf C:N ratio is higher in the valley than onthe plateau [Luizão et al.,
2004, Nardoto, 2005]. Annual rainfall is about 2400mm and averaged air temperature
range is 26◦C (in April) and 28◦C (in September). The wetter period extends from
December to April, and the dryer period from June-September, when rainfall is less
than 100mm month−1 [de Araújo et al., 2002]. For more detailed information about
the meteorology and hydrology of this site see Waterloo et al. [2006], Hodnett et al.
[2008],? and Tomasella et al. [2008].

5.3 Material and methods

5.3.1 [CO2] vertical profile measurement systems

The [CO2] vertical profiles were measured using a measurement systemdeveloped
according to the guidelines given by Xu et al. [1999] and Mölder et al. [2000]. This
system consists of a cord supporting the solenoid valves anda tube and a box that
contained the infrared gas analyzer (IRGA), air pumps, datalogger and interface (Fig-
ure 5.1). Each system consisted of a high-density polyethylene (HDPE) tube (Synflex
1300-0440x, 6.35mm OD, with aluminum layer and non-buffering ethylene copoly-
mer coating, Saint-Gobain Inc., Massachusetts, USA) with six 2/2 impulse-bi-stable
solenoid valves (04-241-106-20, 24 VDC, 10 W, Fluid Automation Systems, Geneva,
Switzerland) attached to it at fixed distances, which allowed switching to any of the in-
lets (Figure 5.1). Stainless steel filters (SS-4F-K4-60, 60µm, Swagelok, Ohio, USA)
were installed at the air intakes to avoid small particles entering the tube. A second filter
(NL 1, G 1/8, 5µm, Rexroth, Bosch group, Germany) to prevent water droplets en-
tering the air pump was installed downstream the last solenoid valve and it was placed
inside a box (40678, Zarges, Weilheim, Germany; Figure 5.1). Tube fittings (SS-400-
61, 6.35 mm OD, Swagelok, Ohio, USA) were used at every connection for sealing
the tubing system. An air pump (N 89 KNDC, 24 VDC, KNF Neuberger, Freiburg,
Germany) was used to draw the air from any sampling height through the tube at a
flow rate of about 9l min−1 (the purge pump in Figure 5.1). The air sampling tube
had an internal volume of about 0.4l that corresponds to a maximum residence time
of about 3s. The tubing material used inside the box was polyurethane (1100U06
01, 6mm OD, Legris, Rennes, France). A single Y-type instant fitting(3140 04 06,
6 mm OD, Legris, Rennes, France) was installed before the inlet of the purge pump
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Figure 5.1: Schematic diagramme of the [CO2] vertical profile measurement system
used to measure the [CO2] along the topography in a site in central Amazon. The
vertical part refers to a cord with six boxes, and the excerptfrom the second box (from
top to bottom) is intended to show the set up of each box (i.e., screen, solenoid valve,
wiring, tube and air filter). The horizontal box contains theIRGA, air pumps, wiring,
pressure sensor, filters, data logger and interface.
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to enable air to be drawn by a second air pump (NMP 830 KNDC B, 24VDC, KNF
Neuberger, Freiburg, Germany) at a flow rate of about 2.5l min−1 (the sample pump
in Figure 5.1). This pump pushed the air through a filter (4226, Acrodisc CR PTFE,
1 µm, 25 mm OD, Pall Life Sciences, Aan Arbor, MI, USA) and an IRGA (Gascard
II, 0–1000µmol mol−1 CO2 measuring range, 24 VDC, Edinburgh Sensors, Division
of Edinburgh Instruments Ltd., Livingston, Scotland, UK).This IRGA measures the
CO2 mole density and converts it into CO2 mol fraction (µmol mol−1). It has a stated
precision and repeatability of±2% of the reading, and is equipped with a temperature
sensor at the optical sensor head to compensate automatically the output for variations
in temperature [Edinburgh Sensors, 2003].

The choice of using only one tube with solenoid valves installed at each sampling
level instead of using one tube per sampling level raised concerns about reducing the
possibility of a leak in the tube. To circumvent this potential problem, which would
lead to erroneous readings of [CO2], every system was tested in both laboratory and
field conditions with all solenoid valves closed. A pressuresensor (24PCEFA1D, Hon-
eywell Sensing and Control, Golden Valley, USA) was installed permanently before
the inlets of both air pumps to measure the vacuum level inside the tubing (Figure 5.1).
During these tests, the recommendations of the air pump manufacturer were observed
and according to them, a narrow range of vacuum values was selected. The pressure
sensor readings (V) were measured by a homemade interface (CO2 VU-Interface, Vrije
Universiteit, Amsterdam, The Netherlands), which in combination with a homemade
data logger (VU 32-Channel-Logger, VU University, Amsterdam, the Netherlands)
controlled the opening and closing of the solenoid valves (Figure 5.1). Each system
was set up to perform a valve test before start measuring any sampling level. In this
manner, if the predefined vacuum levels would be matched, guaranteeing that no leak
was detected, the system would start the measurements. Otherwise, if no vacuum was
measured, the system would repeat the same test twice, including a checkup of the
opening and closing of every solenoid valve. If a solenoid valve malfunction would be
detected, the system was set up to close it and re-run the vacuum test. Again, if the
predefined vacuum levels would be matched, the system would start the measurements
by skipping the sampling of the level with a solenoid valve malfunction. After the last
attempt, if the predefined vacuum level was not meet, the system would switch off. The
time elapsed for closing all valves, checking the vacuum values and opening the valve
of the sampling level to be measured was about 0.6s.

Measurements of [CO2] were made at fixed heights (0.5, 3, 7, 11, 20 and 30
m a.g.l.). Each height was sampled for 2.5min time interval, of which the last 0.5
min was used for recording the IRGA readings. These readings were outputted lin-
early as analog signals (V) and were recorded every 5s into the data logger memory.
The system cycled through the entire profile every 15min, e.g. the continuous mode
set up of the system. When the main power supply (explained below) was kept for 24
hours, the cycles were measured continuously. In addition,the system could operate
in four different modes to save power. For example, when the main power supply was
interrupted during daytime hours, the cycles were measuredcontinuously from 18:00
h until 10:00h in the morning of the next day (when the destruction of the nocturnal
boundary layer is likely to be completed in the valley; discussed further). During the
period from 10:00h to 18:00h, the system measured only one cycle at fixed times
(12:00h, 14:00h, and 16:00h). After 18:00h, the cycles were measured again con-
tinuously. The [CO2] of each height was calculated as the average of the stored data
(6 points) and then converted to CO2 mole fraction. The time attributed to all heights
sampled within one complete cycle corresponds to the time that the cycle ended. The
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system consumes low power (about 22W) and it was powered either by solar panels
or one of the two 5kVA diesel generators located about 2000m northwest of the K34
tower. In addition, each system has two 100Ah batteries as backup to maintain its
operation in the event of an interruption of the main power supply. The clocks of all
systems were synchronized among themselves as well with theclocks of the data log-
gers from automatic weather stations and handhelds of EC systems from K34 and B34
towers (explained below).

5.3.2 Positioning of [CO2] vertical profile measurement systems

[CO2] vertical profiles were measured at five different positionsalong the topographic
gradient (Figure 5.2). One system was installed on the plateau (P), and was attached
to the K34 tower (118m a.s.l. – above sea level). Two systems were positioned on
representative slopes: the first (S1) was attached to the tower of an experiment devised
to measure horizontal advection (02◦36′17.1′′S, 60◦12′24.5′′W, 90 m a.s.l.) at about
550m from the K34 tower, and the second (S2) was suspended from thehighest branch
of a tall tree located about midway down the slope (02◦36′24.4′′S, 60◦12′36.9′′W, 89
m a.s.l.) at about 260m from the K34 tower. Finally, the last two systems were
installed at representative sites in the valleys. The first system (V1) was suspended
in the same way as S2, but in the valley (02◦36′13.5′′S, 60◦12′23.15′′W, 77 m a.s.l.)
about 790m from the K34 tower, while the second (V2) was attached to the B34 tower
(described below) at about 750m from K34 tower. These systems were installed in
early April 2006. Due to several technical problems, such aslightning strikes and
oxidation of solenoid valves, the data reported in this study were collected between
late April and early October 2006, because this was the period during which all five
[CO2] vertical profile measurement systems worked simultaneously.

5.3.3 Turbulent variables

The fluxes of CO2, sensible and latent heat, and momentum transfer have been mea-
sured from two towers. The first tower, known as K34 , is on a medium sized plateau,
whereas the second one, named as B34 (02◦36′09.8′′S, 60◦12′44.5′′W, 75m a.s.l.), is
at the bottom of a U-shaped valley (Figure 5.2). The B34 toweris a 42m tall galva-
nized steel tower, composed of 7 triangle-sections of 6m length each and about 0.35
m diameter. A second auxiliary tower was erected besides the B34 tower (at about 0.5
m distance). It is a galvanized steel scaffold tower, with 1.5x 1.5m sections, and 30
m tall. This tower provides easy access to B34 tower, as well shelter to the boxes that
contained the IRGA of the eddy covariance system, data acquisition and controlling
systems, and backup batteries. Both towers in the valley were erected in February–
March 2006. The eddy covariance system installed at B34 tower was very similar
to that described by de Araújo et al. [2002] (Chapter 2) for the K34 tower. The raw
data of both towers were processed using the software Alteddy (version 3.1), based
on Aubinet et al. [2000]. More detailed information about this software is available
on the internet via http://www.climatexchange.nl/projects/alteddy/. Fluxes, means and
variances were calculated on a half-hourly time basis.

5.3.4 Meteorological variables

The meteorological variables measured at K34 tower were described by de Araújo et al.
[2002]. However, data acquisition and control systems wereupgraded with new data
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Figure 5.2: Composite of satellite images from a tographical gradient in central Ama-
zonia along which [CO2] vertical profiles,S, Fc, NEE, and meteorological variables
were measured. An IKONOS image was overlaid on a SRTM image togenerate the
composite. The open circles denote the places where the measurements were made.
The letters P, S and V refer to plateau, slope and valley, respectively. The names K34
and B34 refer to the micrometeorological towers on the plateau and in the valley, re-
spectively.
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Table 5.1: List of measurements, instruments used, and measurement heights/depths of B34 tower.

Measurement Instrument Height above ground level [m]

Short-wave in and out Kipp and Zonnen CNR1 (via Pyranometer CM3) 41
Long-wave in and out Kipp and Zonnen CNR1 (via Pyrgeometer CG3) 41
Long-wave in and out temperature PT100 41
Relative humidity Vaisala HMP35A 2; 9; 18; 25; 30; 42
Air temperature vertical profile Vaisala HMP35A 2; 9; 18; 25; 30; 42
Dry bulb temperature vertical profile Vrije Universiteit Amsterdam (Type E, Chromel-Constantan) 6; 9; 18; 25; 30; 41
Wet bulb temperature vertical profile Vrije Universiteit Amsterdam ((Type E, Chromel-Constantan) 6; 9; 18; 25; 30; 41
Rainfall EM ARG-100 42
Wind direction Vector W200P 42
Wind speed vertical profile Vector A100R 20; 25; 30; 35; 42
Air pressure SensorTechnics 144SC1216Baro 29
CO2 concentration vertical profile IRGA GasCard II Edinburgh Sensors 0.5; 3; 7; 11; 20; 30
CO2 concentration IRGA LI-COR 6262 closed-path 43
H2O concentration IRGA LI-COR 6262 closed-path 43
u, v andw wind vectors speed Gill Instruments 3 axis ultrasonic anemometer (R2) 43
Soil heat flux Hukseflux HFP01 -0.05
Soil temperature profile Hukseflux STP01 -0.02; -0.05; -0.10; -0.20; -0.50
Soil volumetric water content Campbell CS615 -0.10; -0.20
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loggers (CR-10X, or before December 2003, CR-10, Campbell Scientific, Logan, Utah,
USA), as well the IRGA used for measuring the [CO2] and water vapour concentra-
tion ([H2O]) vertical profiles (LI-840, Li-Cor, Lincoln, Nebraska, USA, or before July
2004, CIRAS-SC, PP Systems, UK). A full list of the meteorological measurements
made at B34 tower is given in Table 5.1.

Soil temperature measurements made at K34 tower used a sensor similar to that
used at B34 tower (Table 5.1), whereas soil volumetric watercontent used a profile
probe (PR1/6, Delta-T Devices Ltd, Burwell, Cambridge, UK). Air temperature and
relative humidity sensors (HMP35A, Vaisala, Helsinki, Finland) of B34 tower were
ventilated. The outlet of these ventilators was pointed towards the dry and wet bulb
thermocouples, which were placed about 20cm distance, to circumvent standing air
near the thermocouples positioned underneath the canopy. Data were measured at every
30 s and stored as 15min averages. Data loggers and sensors that require energy to
work were powered as described in Section 5.3.1.

Air temperature vertical profiles of both towers were standardized by using the
potential temperature (θ) according to the Poisson’s equation [Stull, 2000].

The photosynthetically active radiation (PAR) was not measured on the B34 tower.
However, we have derived PAR for this tower as

PAR = 2.2Si (5.2)

whereSi is the incoming short-wave radiation measured at B34 tower [Weiss and Norman,
1985, Jones, 1992]. The same relation was observed for the PAR andSi measured at
K34 tower (data not shown).

5.3.5 Calculation ofS

S was calculated from [CO2] vertical profiles according to Aubinet et al. [2001] as

S =
Pa

RTa

∫ hm

0

∂c

∂t
∂z (5.3)

wherePa is the atmospheric pressure (N m−2), Ta the air temperature (K), R is the
molar gas constant (N m mol−1 K−1), hm is the maximum measurement height a.g.l.
(m), c is the [CO2] (µmol mol−1), t is time (s), andz is height a.g.l. (m).

5.3.6 Rsoil measurements

Measurements ofRsoil were made on the plateau, on the slope and in the valley using
automated systems. On the plateau, the system (LI-8100, Lincoln, Nebraska, USA)
was installed southwest of K34 tower at about 25m distance, from 28 August to 14
September 2006. On the slope, the same system was installed east of a tower described
in Section 5.3.2 at about 15m distance, from 28 June to 18 July 2006. In the valley, a
second system was installed permanently south of B34 tower at about 35m distance.
For this position, we have selected the data collected from 10 September to 10 October
2006.

5.3.7 Calibration

Calibrations of every IRGA were performed about every fortnight. Standard gases were
primary certified CO2 standard (Praxair, Osasco, São Paulo, Brazil, 512µmol mol−1,
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±2%, or before July 2006, 488µmol mol−1,±2%), and were used to perform thespan
(gain). Ultra-pure nitrogen gas (5.0 analytical, Praxair,Osasco, São Paulo, Brazil) con-
taining neither CO2 nor H2O was used to perform thezero(offset). During the first
calibrations of each IRGA used for measuring the [CO2] vertical profiles the absolute
difference of thezerospresented a variability of about 40µmol mol−1, whereas the rel-
ative difference of thespanvalues was less than 1%. We therefore decided to maintain
the potentiometers of bothzeroandspanof each IRGA at their original positions, and
to record the readings in a logbook. Calibrations performedfurther shown a decrease
in the absolute difference of thezerosto about 5–8µmol mol−1. Calibration factors
were applied a posteriori to the raw data. The IRGA used at every EC system and at
the original [CO2] vertical profile system at K34 tower showed almost no variability in
bothzeroandspan.

The radiation sensors were calibrated by the manufacturer (Kipp & Zonen, The
Netherlands) in August 2005 (for the sensors at K34 tower) and January 2006 (for the
sensor at B34 tower).

5.4 Results

The measurements of meteorological and turbulent variables at B34 tower started in
late April 2006. This tower was hit by a lightning strike in late September 2006, which
caused a gap of about 30 and 60 days for meteorological variables and some turbulent
fluxes, respectively. These gaps and the technical problemsdescribed in Section 5.3.2
are the main reasons why the data presented at this study start in late April and end in
late September 2006 (shaded area in Figure 5.3a).

5.4.1 Seasonality of radiation, rainfall and soil moisture

There was more rainfall from January to May 2006 (day of year –doy 1–151) and
from November to December 2006 (doy 310–365, about 2010mm) than from June
to October 2006 (doy 152-304, about 561mm) (Figure 5.3a). Incoming short-wave
radiation (Si) measured at K34 tower (about 45m a.g.l.) was lower in the wet season
(about 13.3MJ m−2 day−1) than in the dry season (about 18MJ m−2 day−1) by about
55 W m−2 (Figure 5.3a). This is in agreement with previous measurements made at
this site by de Araújo et al. [2002] and at other forest sitesin the Amazon [Culf et al.,
1996, da Rocha et al., 2004, Goulden et al., 2004, von Randow et al., 2004]. Particu-
larly from late April until late July 2006 (doy 114–206), soil moisture content was
consistently larger in the valley than on the plateau (Figure 5.3b, c). In the valley,
the soil at 0.10m was very close to saturation (at about 0.56) from doy 135–140and
then gradually dried (lower rainfall after doy 140). The soil at 0.20m remained near-
saturation (at about 0.49) much longer, until doy 170, afterwhich this layer also shows
a slow drying indicating a gradual lowering of the valley groundwater level. On the
plateau, where the groundwater level is 35m below the surface, the patterns show that
saturation does not occur and that there is no evidence of drying out of the soil. Fre-
quent rainfall events keep the soil at a rather constant moisture content of 0.37–0.39 at
0.05m depth, and 0.23–0.26 at 0.40m depth. This suggests that the lowering of soil
moisture in the sandy valley soil is related to diminished groundwater flow from the
plateau to the valley from doy 165 onwards, with a corresponding decrease in the valley
groundwater level. Rainfall is not sufficient in this case tokeep the valley groundwater
level high in these sandy soils [J. Tomasella, personal communication; Waterloo et al.,
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Figure 5.3: (a) Daily totals of incoming short-wave radiation (Si) (upper panel) and
rainfall (lower panel) measured at the top of K34 tower throughout the year 2006. The
shaded box and the black arrows indicate the period depictedin the present study. Half-
hourly mean values of soil volumetric water content measured on the plateau (b) and in
the valley (c) at different depths, and daily total of rainfall measured at the top of K34
tower from day 104 until 276 of the year 2006.
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2006, Hodnett et al., 2008]. Due to technical problems, there were no measurements
of soil moisture in the valley from late July (doy 204) onwards. However, measure-
ments of the groundwater level taken near to B34 tower have shown a decrease until
late October (doy 300) (J. Tomasella, personal communication).

5.4.2 Diurnal patterns of meteorology, [CO2] and CO2 fluxes

According to Section 5.4.1 and data availability, we have classified the periods from
late April to late May 2006 (doy 114–151) and from early June to late September 2006
(doy 152–273) as representative of the wet and dry season respectively. We will refer
to these periods hereinafter as to wet and dry periods. Although the period from late
April to late May 2006 is rather short to be considered representative of the wet season,
the cumulative rainfall during this period was about 400mm (data not shown), which
is as high as the long-term monthly averages for the months ofJanuary, February,
March and April in this region [de Araújo et al., 2002, Chambers et al., 2004]. For
making comparisons between plateau and valley, the meteorological data collected at
B34 tower (at 15min time-basis) were converted to 30min time-basis by averaging
them accordingly (e.g. 15 and 30min data points were averaged to produce the 30
min average, and the 45 and 60min to produce the full hour average).

Radiation

Diurnal curves ofSi and reflected short-wave radiation (So) were quite similar for
plateau and valley in wet and dry periods (Figure 5.4a, b). The absolute values ofSi

andSo were higher in the dry period than in the wet period (Figure 5.4a, b). Yet, the
values ofSi andSo for both periods are of the same magnitude of those previously re-
ported by de Araújo et al. [2002] for the plateau of K34 tower. Small differences inSi

andSo between wet and dry seasons cause seasonal differences in albedo, with higher
values in the dry season [Culf et al., 1995, Malhi et al., 1998, de Araújo et al., 2002,
von Randow et al., 2004]. We have determined the albedo according to Culf et al.
[1995] for wet and dry periods (data not shown). It was observed that the albedo
was lower in the wet period than in the dry period on the plateau (about 11% and 12%,
respectively), whereas in the valley the albedo was quite constant (about 10.3% and
10.6%, respectively). Albedo was slightly higher on the plateau than in the valley.
Diurnal curves of incoming long-wave radiation (Li) were quite variable both in wet
and dry periods and between plateau and valley (Figure 5.4c,d). Nighttime values (be-
tween 18:00h and 06:00h) of Li were higher in the wet period (about 417 and 428
W m−2 on the plateau and in the valley, respectively) than in the dry period (about
405W m−2 and 415W m−2 on the plateau and in the valley, respectively, Table 5.2).
In addition, nighttime values ofLi were consistently higher in the valley than on the
plateau, thus suggesting a warmer atmosphere above the valley. (Figure 5.4c, d). The
sky temperature (Tsky) was investigated using Stefan-Boltzmann’s law, assumingan
atmospheric emissivity of one. It was observed that nighttime averages ofTsky during
wet and dry periods were higher in the valley (about 21.6◦C and 21◦C, respectively)
than on the plateau (about 19.6◦C and 17.5◦C, respectively) (Table 5.3). In the val-
ley, the daytime average (between 06:00h and 18:00h) of Li was slightly higher in
the wet period than in the dry period (about 436W m−2 and 428W m−2, respec-
tively) (Figure 5.4c, d; Table 5.2), as well daytime averageof Tsky (about 23.0◦C and
21.5◦C, respectively) (Table 5.3). This was not observed on the plateau (about 434
W m−2 and 433W m−2, and 22.6◦C and 22.4◦C, respectively) (Tables 5.2, 5.3).
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Figure 5.4: Average daily courses of incoming and reflected short-wave radiation (Si

andSo), incoming and outgoing long-wave radiation (Li andLo), net long-wave radi-
ation (Ln), and net all-wave radiation (Rn) measured on the plateau area of K34 tower
and in the valley area of B34 tower: (a, c, e, g) in a wet period of 2006; (b, d, f, h) in
a dry period of the year 2006. The shaded areas indicate the nighttime periods. Each
point corresponds to half-hour average (±SE). Time is presented as local time.
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Table 5.2: Average values of the radiation components from aplateau and valley in central Amazonia for wet and dry periods in 2006. The average
and standard error values of the radiation components are presented inW m−2 and in three different classes of time: daytime (from 06:00h to 18:00
h), nighttime (from 18:00h to 06:00h), and full day length (from 00:00h to 24:00h).

Si So Li Lo Ln Rn

Period Time Plateau Valley Plateau Valley Plateau Valley Plateau Valley Plateau Valley Plateau Valley

Wet 06:00-18:00 272.9±8.0 271.7±8.1 30.4±0.9 28.0±0.8 434.0±0.5 435.8±0.4 452.2±0.5 456.0±0.5 -18.2±0.4 -20.0±0.6 222.6±17.5 202.0±14.3
18:00-06:00 416.8±0.4 427.9±0.4 438.2±0.2 439.7±0.2 -21.5±0.4 -11.8±0.4 -21.6±0.9 -12.7±0.4
00:00-24:00 425.6±0.4 431.9±0.3 445.4±0.3 448.0±0.4 -19.8±0.3 -16.1±0.4 105.1±11.3 110.5±4.9

Dry 06:00-18:00 400.1±5.5 393.8±6.7 49.7±0.7 41.6±0.7 433.0±0.5 428.0±0.3 467.1±0.5 467.4±0.5 -34.1±0.3 -39.4±0.4 330.1±5.6 306.9±5.7
18:00-06:00 405.2±0.3 415.0±0.3 441.5±0.2 438.9±0.2 -36.3±0.3 -23.9±0.3 -36.6±0.3 -25.1±0.3
00:00-24:00 419.6±0.4 421.6±0.2 454.6±0.3 453.6±0.4 -35.1±0.2 -31.9±0.3 153.3±4.1 147.6±4.0
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Table 5.3: Average values of sky (Tsky) and surface (Tsurf) temperatures – derived
from long-wave radiation sensors using Stefan-Boltzmann’s law – from a plateau and
valley in central Amazonia for wet and dry periods in 2006. The averages ofTsky and
Tsurf are presented in◦C and in three different classes of time: daytime (from 06:00
h to 18:00h), nighttime (from 18:00h to 06:00h), and full day length (from 00:00h to
24:00h). The standard errors (SE) was about±0.1◦C for bothTsky andTsurf . SE was
omitted for clarity reasons.

Tsky [◦C] Tsurf [◦C]
Period Time Plateau Valley Plateau Valley

Wet 06:00-18:00 22.6 22.9 25.6 26.2
18:00-06:00 19.6 21.6 23.3 23.6
00:00-24:00 21.1 22.3 24.5 25.0

Dry 06:00-18:00 22.4 21.5 28.0 28.1
18:00-06:00 17.5 19.3 23.9 23.4
00:00-24:00 20.0 20.4 25.6 25.8
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Diurnal curves of outgoing long-wave radiation (Lo) were quite similar for plateau and
valley (Figure 5.4c, d). Daytime values ofLo were lower in the wet period than in the
dry period for both sites (Table 5.2). Particularly in the wet period, daytime values of
Lo were slightly higher in the valley (about 456W m−2) than on the plateau (about
452W m−2), thus suggesting a warmer surface in the valley. The surface temperature
(Tsurf) was investigated using again the Stefan-Boltzmann’s law,assuming an atmo-
spheric emissivity of one (Table 5.3). It was observed that daytime (from 06:00h to
18:00h) average ofTsurf was higher in the valley (about 26.2◦C) than on the plateau
(about 25.6◦C) in the wet period (Table 5.3). During nighttime and in the wet period,
theTsurf was slightly higher in the valley (about 23.6◦C) than on the plateau (about
23.3◦C). In contrast, in the dry period, theTsurf was slightly higher on the plateau
(about 23.9◦C) than in the valley (about 23.4◦C).

The net long-wave radiation (Ln) was calculated as in Equation 5.4.

Ln = Li − Lo (5.4)

The diurnal curves ofLn were less negative in the wet period than in the dry period
at both sites (Figure 5.4e, f). Nighttime values ofLn were less negative in the valley
than on the plateau at both periods, whereas for daytime values it was the opposite
(Figure 5.4e, f). Daily averages showed thatLn was relatively less negative in the
valley than on the plateau in the wet and dry periods (about 20% and 9%, respectively,
Table 5.2).

Finally, the net all-wave radiation (Rn) was calculated as in Equation 5.5.

Rn = (Si − So) + (Li − Lo) (5.5)

Nighttime values ofRn were quite similar for plateau and valley in the wet and dry
periods. However, there were small differences inRn during nighttime in both periods
(Figure 5.4g, h). Table 5.2 shows thatRn was less negative in the valley than on the
plateau in the wet and dry periods (by about 10W m−2).

Air temperature

As described in Section 5.3.4, we have standardized the air temperature vertical profiles
by using the potential temperatureθ to compare both sites. Because air temperature is
modulated bySi andLo, the shape of diurnal curves ofθ was similar to that ofSi and
Lo (data not shown).

The periods from pre-sunset to post-dawn for both plateau and valley, in the wet and
dry periods, were investigated. In the wet period, nighttime values ofθ were uniform
with height a.g.l., andθ seemed to be slightly higher in the valley than on the plateau
(Figure 5.5a, c).

Nighttime averagedTsurf was also higher in the valley than on the plateau in the
wet period (Table 5.3). Before sunset (about 16:00),θ was higher in the layer near
the top of the canopy at about 28m and 18m a.g.l. on the plateau and in the valley,
respectively (Figure 5.5a, c). In addition, over these layers and above them,θ was
higher in the valley than on the plateau by about 0.5◦C. Yet, the atmosphere was
stable below these levels and either unstable or neutral above them. The shape of
θ vertical profile observed at 18:00h was quite similar to that observed throughout
the night until post-dawn (about 06:30h) at both sites (Figure 5.5). On the plateau,
the atmosphere was either stable or neutral below the canopylayer (from about 20
m a.g.l. downward), and either neutral or unstable above thislayer (from about 30



5.4. RESULTS 99

Figure 5.5: Composite of averaged vertical profiles of potential temperature (θ) mea-
sured on the plateau area along the K34 tower (a, b) and in the valley area along the
B34 tower (c, d) during nighttime and daytime conditions in awet period of the year
2006. The shaded areas denote the height of the canopy layer on the plateau and the
valley. The top of the shaded areas indicate the average height of the top of the canopy
on the plateau (h = 35 m a.g.l.) and in the valley (h = 25 m a.g.l.). The error bars
were omitted for clarity reasons. Time is presented as localtime.
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Figure 5.6: Composite of averaged vertical profiles of potential temperature (θ) mea-
sured on the plateau area along the K34 tower (a, b) and in the valley area along the
B34 tower (c, d) during nighttime and daytime conditions in adry period of the year
2006. The shaded areas denote the height of the canopy layer on the plateau and the
valley. The top of the shaded areas indicate the average height of the top of the canopy
on the plateau (h = 35 m a.g.l.) and in the valley (h = 25 m a.g.l.). The error bars
were omitted for clarity reasons. Time is presented as localtime.

m a.g.l. upward) (Figure 5.5a). In the valley, the atmospherewas unstable below
the top of the canopy layer (from about 25m a.g.l. downward), and stable above it
(from about 25m a.g.l. upward) (Figure 5.5c). After dawn, the atmosphere below the
canopy layer shifted from either neutral or unstable to stable on the plateau, and from
unstable to stable in the valley (Figure 5.5b, d). Particularly in the valley and for the
layer from 10m a.g.l. downward, this shift occurred one hour later (about 08:30h)
than on the plateau (about 07:30h). The atmosphere was unstable from about 07:30
h onward above the canopy layer on the plateau, and from 20–30m a.g.l. in the valley
(Figure 5.5b,d). However, above 30m a.g.l. in the valley, the atmosphere was either
neutral or stable until about 13:00h, when a lapse was observed (Figure 5.5d).

The patterns observed in the wet period were slightly different from those in the
dry period. For example, in the dry period, nighttime valuesof θ were uniform with
height a.g.l. only in the valley, andθ seemed to be slightly lower in the valley than
on the plateau (Figure 5.6a, c). On the plateau, the canopy was thermally stratified in
layers of decreasing temperature, from top to bottom (Figure 5.6a). In addition,θ from
about 28m a.g.l. upward on the plateau was about 0.5◦C higher than that observed
in the valley (Figure 5.6a, c). Nighttime averagedTsurf was also 0.5◦C higher on the
plateau than in the valley in the dry period (Table 5.3). Before sunset (about 16:00h) on
the plateau and in the valley, the atmosphere below the canopy layer was more stable
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Table 5.4: Average values of soil temperature (Tsoil) at different depths (0.05, 0.10,
and 0.20m) on the plateau and valley in central Amazonia for wet and dryperiods in
2006. The average ofTsoil is presented in◦C and in three different classes of time:
daytime (from 06:00h to 18:00h), nighttime (from 18:00h to 06:00h), and full day
length (from 00:00h to 24:00h). The standard errors (SE) was about±0.02◦C for
both plateau and valley. SE was omitted for clarity reasons.

Plateau Valley
Period Time -0.05m -0.10m -0.2m -0.05m -0.10m -0.2m

Wet 06:00-18:00h 25.3 25.3 25.3 25.8 25.7 25.7
18:00-06:00h 25.2 25.3 25.4 25.7 25.8 25.8
00:00-24:00h 25.2 25.3 25.4 25.7 25.8 25.8

Dry 06:00-18:00h 25.8 25.8 25.6
18:00-06:00h 25.4 25.5 25.6
00:00-24:00h 25.6 25.6 25.6

as compared to the wet period, whereas the instability aboveit was fairly the same
(Figure 5.6a, c). The slopes of the inversions above and below the canopy layer on the
plateau were smaller in the dry period than in the wet period (Figsures 5.5a and 5.6a).
In the valley, the shape of theθ vertical profile observed at 20:00h was quite similar
to that observed throughout the night until post-dawn (Figure 5.6c). In addition, these
profiles were not similar to that from the wet period. For example, the atmosphere was
either neutral or unstable below the canopy layer (about 18m a.g.l.) and stable above
it (Figure 5.6c). It is important to note that in the dry period, the atmosphere was stable
above the canopy of both plateau and valley. After dawn, in the valley, the atmosphere
within the canopy layer (from about 15m to 25m a.g.l.) shifted from stable to unstable
about 08:30h, whereas in the layer immediately above (between 25m and 30m a.g.l.)
the same shift occurred between 06:30h and 07:30h (Figure 5.6d). Yet, above 30
m a.g.l., the atmosphere was stable until late in the morning (about 10:00h), when a
lapse was observed.

On the plateau, the maximum difference among daytime valuesof θ between the
warmest and coolest layer was 2.0◦C (in the wet period) and 2.5◦C (in the dry period),
and in the valley 1.5◦C and 2.0◦C, respectively (data not shown).

Soil temperature

Diurnal curves of soil temperature (Tsoil) for 0.05 m and 0.10m depth showed an
increase during daytime hours and a decrease during nighttime hours at both sites,
whereas those for 0.20m depth showed no variation (data not shown). In the wet
period, the differences in daily averageTsoil between 0.05 and 0.20 m depth were
about 0.2◦C and 0.1◦C for plateau and valley, respectively (Table 5.4).

Tsoil at 0.05m and 0.10m depth were about 0.5◦C higher in the valley than on
the plateau, and at 0.20m depth about 0.4◦C (Table 5.4). Unfortunately, there are
no data available from the valley for the dry period. Nevertheless, in this period and
on the plateau, daily averageTsoil was higher than in the wet period by about 0.4◦C,
0.3 ◦C and 0.2◦C at 0.05m, 0.10m and 0.20m depth, respectively (Table 5.4). Yet,
there was no difference in daily averageTsoil between 0.05m and 0.20m depth. It is
plausible to assume thatTsoil may have also increased in the valley. As shown before,
bothSi andTsurf have also increased in the dry period (Figure 5.4b, Table 5.3).
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Figure 5.7: Relative frequency distribution of wind direction classes, measured at the
top of the K34 tower on the plateau and B34 tower in the valley during daytime and
nighttime conditions in the wet (a, b) and dry (c, d) periods of the year 2006.

Wind speed and direction

Average daily values of wind speed were higher on the plateauthan in the valley by
about 0.3m s−1 in both wet and dry periods (Table 5.5). During nighttime, inthe wet
period, averaged values of wind speed on the plateau were twice those in the valley
(about 0.8m s−1 and 0.4m s−1 , respectively) and threefold (about 1.2m s−1 and 0.3
m s−1, respectively) in the dry period (Table 5.5). Daytime averaged values of wind
speed were also higher on the plateau than in the valley by about 0.2m s−1 in both
periods.

In the wet period, the prevailing wind direction was from theeast (about 65% of
the time) and varying between 0◦ and 180◦ during both daytime and nighttime on the
plateau and in the valley (Figure 5.7a, b). In addition, the modal wind direction was
from east-southeast (90–120◦) in the valley, and from northeast (30◦) on the plateau. In
the dry period, the prevailing wind direction was also from the east, though the range
of variation has narrowed (between 0◦ and 150◦) and the frequency increased (about
73% of the time), during both daytime and nighttime on the plateau and in the valley
(Figure 5.7c, d). Moreover, the modal wind direction was similar for both plateau and
valley during daytime (from 90◦ to 120◦), whereas during nighttime it was similar to
that of the wet period (Figure 5.7c, d).
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Table 5.5: Average values of wind speed from a plateau and valley in central Amazonia for wet and dry periods in 2006. The average values of wind
speed are presented inm s−1 and in three different classes of time: daytime (from 06:00h to 18:00h), nighttime (from 18:00h to 06:00h), and full
day length (from 00:00h to 24:00h). The height (z) is expressed as function of the average height of the top of the canopy on the plateau (h = 35
m a.g.l.) and in the valley (h = 25 m a.g.l.). The standard errors (SE) was about±0.1m s−1 and was omitted for clarity reasons.

Wet period Dry period
Site z [m] 06:00-18:00h 18:00-06:00h 00:00-24:00h 06:00-18:00h 18:00-06:00h 00:00-24:00h

Plateau 1.5h 1.6 1.2 1.4 1.9 1.8 1.6
1.2h 1.4 1.0 1.2 1.7 1.5 1.3
1.0h 1.0 0.6 0.8 1.3 1.1 0.8
0.8h 0.4 0.2 0.3 0.6 0.4 0.2

Valley 1.7h 1.3 0.6 1.0 1.7 0.6 1.1
1.4h 1.2 0.5 0.8 1.5 0.5 1.0
1.2h 1.0 0.4 0.7 1.2 0.3 0.8
1.0h 0.8 0.2 0.5 0.8 0.1 0.5
0.8h 0.4 0.1 0.2 0.6 0.0 0.3
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Figure 5.8: Average daily courses of bulk Richardson number(Ri, upper panel) and
friction velocity (u∗, lower panel) measured above the canopy on the plateau area of
K34 tower and in the valley area of B34 tower: (a, b) in a wet period of the year 2006;
(c, d) in a dry period of the year 2006. The shaded areas indicate the nighttime periods.
The dotted lines in the upper panels denote the limits of the critical Ric for neutral
atmosphere (−0.25 < Ri < 0.25). Each point corresponds to half-hour average. The
error bars were omitted for clarity reasons. Time is presented as local time.

Richardson number and friction velocity

The variation of potential temperatureθ with height above the canopy layer has sug-
gested that the atmosphere may be either neutral or stable onthe plateau and stable
in the valley during nighttime (Figures 5.5 and 5.6). However, this variation only
considers the buoyancy in controlling the flow stability [Stull, 2000]. In order to in-
vestigate the dynamic stability, which considers both dynamical forces and buoyancy,
we have used the bulk Richardson number (Ri, see Oke [1987], Pinker and Holland
[1988], Stull [1988, 2000] and Kruijt et al. [2000]). In addition, we have used the fric-
tion velocity (u∗), which is calculated from data measured by the sonic anemometer of
the eddy covariance system, to infer vertical mixing. Figure 5.8 showsRi calculated
for two layers above the canopies on the plateau (from 51.1–42.5 m a.g.l. and from
42.5–35.5m a.g.l., hereafter referred to as layer 1 and layer 2, respectively) and in the
valley (from 42-30m a.g.l. and from 30–25m a.g.l., hereafter also referred to as layer
1 and layer 2, respectively).

Figure 5.8 also showsu∗ measured at the top of the towers (53.1 and 43m a.g.l. on
the plateau and in the valley, respectively), in both wet anddry periods. The half-hourly
values ofRi were classified in three intervals, according to the critical Richardson num-
ber (Ric = 0.25), to categorise the atmospheric stability:Ri < −0.25 – dynamically



5.4. RESULTS 105

unstable and turbulent;−0.25 < Ri < 0.25 – neutral;Ri > 0.25 – dynamically stable
and laminar [Pinker and Holland, 1988].

During nighttime, on the plateau, the flow above the canopy was dynamically un-
stable and turbulent (Ri < −0.25) in the wet period and neutral (−0.25 < Ri < 0.25)
in the dry period (Figure 5.8a, c), whereas in the valley it was dynamically stable and
laminar (Ri > 0.25) in both periods (Figure 5.8b, d). During daytime, on the plateau,
the flow above the canopy was dynamically unstable and turbulent (Ri < −0.25) in the
wet and dry periods (Figure 5.8a, c). In the valley, though there were some exceptions,
the flow was dynamically unstable and turbulent (Ri < −0.25) in layer 2 and neutral
(−0.25 < Ri < 0.25) in layer 1 (Figure 5.8b, d). The pattern ofRi in layer 2 was
similar to that observed for layer 2 on the plateau.

[CO2] vertical profiles and S

Diurnally averaged curves of [CO2] from all vertical profiles showed an increase during
nighttime with maximum after dawn (between 06:00h and 08:00h) and minimum late
in the afternoon (about 16:00h) for every position along the topographical gradient
in both wet and dry periods (data not shown). However, [CO2] vertical profiles were
different both among the different positions and between the wet and dry periods.

The [CO2] was lower on the plateau than on the slopes and in the valleysduring
both daytime and nighttime periods (Figure 5.9). During daytime, except for the mea-
surements made at 0.5m a.g.l., [CO2] was about 25µmol mol−1 higher on the slopes
(S1 and S2) and in the valleys (V1 and V2) than on the plateau (P). During nighttime,
the buildup of CO2 was larger on the slopes and in the valleys than on the plateau.
Particularly in the valleys, the [CO2] vertical profiles between 20 and 3m a.g.l. were
quite uniform (Figure 5.9).

Nighttime values of [CO2] were lower in the wet period than in the dry period at
all topographical positions (Figure 5.9). From 09:00h to 16:00h, in the levels near
to and above the canopy layer top, [CO2] was also lower in the wet period than in the
dry period, markedly on the slopes and in the valleys (Figure5.9). In addition, the
[CO2] drawdown (depression of the near-surface CO2 concentration below the free-
atmosphere value) was larger in the wet period than in the dryperiod.

Positive values ofS (i.e. indicating accumulation of CO2 in the canopy air space)
were observed from about 14:00–16:00h until 06:00–07:00h (Figure 5.10). Partic-
ularly on the slopes (S1 and S2) and in the valleys (V1 and V2),nighttime average
curves ofS showed a maximum about 18:00–20:00h, and after this period a con-
tinuous decrease until reach a minimum about 06:00–06:30h (Figure 5.10). During
daytime period, the negative values ofS (i.e. indicating removal of CO2 out of the
canopy air space) were much lower on the slopes and in the valleys than on the plateau
(P, Figure 5.10).

The nighttime average curves ofS were more variable on the plateau than on the
slopes and in the valleys in both wet and dry periods (Figure 5.10). On the plateau and
during nighttime, it was hard to see any difference inS measured in both wet and dry
periods (Figure 5.10). In contrast, on the slopes and in the valleys,S was higher in the
dry period than in the wet period. During daytime, specifically between 06:00h and
10:00h, S fluxes were much lower (more negative) in the dry period than in the wet
period at all topographical positions (Figure 5.10).
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Figure 5.9: Composite of averaged vertical profiles of [CO2] measured on the plateau
area (P) along the K34 tower, on the slope areas (S1, S2) alonga tower and a tall tree,
and in the valley areas (V1, V2) along a tall tree and the B34 tower, during night-
time and daytime conditions in the wet and dry periods of the year 2006. The shaded
areas are intended to show the points whose [CO2] were below the tropospheric back-
ground [CO2] measured in the marine boundary layer at Ascension Island,UK (7.92◦S
14.42◦W; 54m a.s.l.), on October 2006 (represented by the vertical solidline and about
380.77µmol mol−1). The tropospheric background [CO2] was determined by adding
the annual [CO2] growth rate for the year 2006 (about 1.73µmol mol−1 yr−1) to the
[CO2] on October 2005 [Conway et al., 2007, about 379.04µmol mol−1]. The error
bars were omitted for clarity reasons. Time is presented as local time.
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Figure 5.10: Average daily courses of the change in CO2 storage in the canopy air
space (S) measured on the plateau area (P) along the K34 tower, on the slope areas
(S1, S2) along a tower and a tall tree, and in the valley areas (V1, V2) along a tall
tree and the B34 tower: (a, c, e) in the wet period of the year 2006; (b, d, f) in the
dry period of the year 2006. In the dry period, continuous measurements ofS in the
areas S2 and V1 between 10:00 and 18:00 hours were hampered byenergy supply.
The shaded areas indicate the nighttime periods. Each pointcorresponds to half-hour
average. The error bars were omitted for clarity reasons. Points above the dashed line
denote accumulation of CO2 in the canopy air space, and belowthe line removal of
CO2 out of the canopy air space. Time is presented as local time.
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Figure 5.11: Average daily courses of net ecosystem exchange rates between the
ecosystem and the atmosphere (NEE), above-canopy turbulent exchange of CO2 (Fc)
and change in the CO2 storage in the canopy air space (S) measured on the plateau area
of K34 tower and in the valley area of B34 tower: (a, b) in the wet period of the year
2006; (c, d) in the dry period of the year 2006. Each point corresponds to half-hour
average. The error bars were omitted for clarity reasons. Points above the horizon-
tal dotted line denote CO2 release (for NEE andFc) or accumulation of CO2 in the
canopy air space (forS), and below the line CO2 uptake (for NEE andFc) or removal
of CO2 out of the canopy air space (forS). The shaded areas indicate the nighttime
periods. Time is presented as local time.

Net ecosystem exchange (NEE)

Figure 5.11 shows the diurnal average curves of NEE on the plateau of K34 tower
and in the valley of B34 tower in the wet and dry periods. During nighttime, in the
wet and dry periods, NEE was slightly larger on the plateau than in the valley, mainly
from 00:30h onwards (Figure 5.11). During daytime, in the wet and dry periods,
NEE minimum (i.e. maximum assimilation of CO2) varied between about -18 and -20
µmol m−2 s−1 for both topographical sections (Figure 5.11). However, this occurred
at different times in the wet (about 12:00h and 10:00h on the plateau and in the valley,
respectively) and in the dry (about 10:00h and 12:00h on the plateau and in the valley,
respectively) periods. The time in which the start of a strong increase of NEE (i.e. less
negative values) was observed varied between the wet and dryperiods for both plateau
and valley. In the wet period, a strong increase of NEE was observed at about 14:30
h on both plateau and valley and in the dry period at about 12:00h and 12:30h on the
plateau and in the valley, respectively.
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5.5 Discussion

5.5.1 Radiation

The good agreement between the diurnal curves ofSi for plateau and valley shows that
both were exposed to the same radiative forcing (Figure 5.4a,b; Table 5.2). However,
the albedo was slightly higher on the plateau than in the valley. This may be explained
by differences inSo and soil moisture content. As shown in Table 5.2,So was slightly
higher on the plateau than in the valley. In addition, Culf etal. [1995] demonstrated
that there is a strong negative correlation between albedo and soil moisture for several
forest sites in Amazonia. As shown in Section 5.4.1, the soilmoisture content was
lower on the plateau than in the valley (Figure 5.3b,c).

Nighttime values ofLi were higher in the wet period than in the dry period (Ta-
ble 5.2). This is in agreement with previous work in the Amazon forest, which has
reported largerLi during nighttime periods in the wet season than in the dry season
as consequence of higher cloudiness in the wet season [Chapter 2; Culf et al., 1996,
de Araújo et al., 2002, von Randow et al., 2004]. Higher nighttime values ofLi and
Tsky in the valley than on the plateau show that the atmosphere above the valley is
warmer than that above the plateau (Tables 5.2, 5.3). Whiteman et al. [1989] who stud-
ied the radiation balance of a deep valley in Colorado, United States, observed that
nighttimeLi was higher on the valley floor than on the ridge top plateau. They argued
that in the valley, according to the sky view factor (i.e. sky fraction of hemisphere) of
the radiation sensor,Li came from the atmosphere and surrounding terrain, whereas
on the ridge topLi irradiated mainly from a cold radiating sky with very few contribu-
tions of the surrounding, relatively warmer, terrain. It isunlikely that the slopes might
have contributed much toLi measured in the valley, because the altitude difference
between plateau and valley bottom at this site is about 42m and the radiation sensor
was installed at 41m a.g.l. in the valley (Figure 5.2; Table 5.1). A more plausible
explanation is that both more humid and close to saturation atmospheric air occur in
the valley. Water vapour has a high absorptivity and emissivity [Oke, 1987], thus it
is very likely that atmospheric air in the valley may be absorbing and emitting more
long-wave radiation than that on the plateau. In addition, the condensation of water
vapour releases the energy that was used for its evaporationand when radiation fog
occurs, this process causes it to be warm, thus creating a more active radiating surface
over the valley than on the plateau [Oke, 1987].

In the valley, the daytime average ofLi varied between wet and dry periods, whereas
on the plateau this was not observed (Table 5.2). de Araújo et al. [2002] also observed
no difference among the daytime values ofLi from wet and dry seasons for the plateau
of K34 tower (Chapter 2). Particularly in the valley, the daytime amplitude ofLi was
higher in the dry period than in the wet period (Figure 5.4c, d). However, in the dry
period and from 06:00h to 10:00h, Li was quite constant and lower as compared to
the wet period. Yet, from 16:00h to 18:00h, Li was lower than in the wet period.
These may have caused the differences inLi between wet and dry periods. In addition,
in the valley,Li started to increase just after dawn in the wet period, whereas in the
dry period this was observed about 10:00h (Figure 5.4c, d). This suggests that in the
dry period, the warming of the surface layer and the erosion of the nocturnal boundary
layer occurred later in the valley than on the plateau (discussed further below).

Lower daytime values ofLo in the wet period than in the dry period for both
sites (Table 5.2) is in agreement with previous work in the Amazon forest [Chapter 2;
Culf et al., 1996, de Araújo et al., 2002, Malhi et al., 2002]. These authors have linked
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this pattern to higherSi and low precipitation in the dry season, which cause the canopy
to be warmer than in the wet season and a depletion of the soil moisture.

The Ln was less negative in the wet period than in the dry period at both sites
(Figure 5.4e, f). This pattern was mainly determined by the variability ofLi rather than
Lo, as demonstrated elsewhere [Chapter 2; Culf et al., 1996, deAraújo et al., 2002,
Malhi et al., 2002, von Randow et al., 2004]. The daily average of Ln was relatively
less negative in the valley than on the plateau in the wet and dry periods (Table 5.2).
Whiteman et al. [1989] have observed the same pattern in a deep valley of Colorado
Rocky Mountain.

5.5.2 θ and Tsoil

In the wet period and during nighttime, the atmosphere was either neutral or unstable
above the canopy layer on the plateau (Figure 5.5a). Instability above canopy layer dur-
ing nighttime in the wet period was reported by Fitzjarrald et al. [1990]. They argued
that increased cloudiness reduced the cooling at the canopytop necessary to maintain
the positive gradient ofθ, thus enhancing the fluxes of heat, momentum and CO2. In
contrast, the atmosphere was stable above the canopy layer in the valley (Figure 5.5c).
During nighttime, cooling of the canopy layer through the loss of thermal radiation
creates a positive temperature gradient that causes an inversion, which suppress verti-
cal turbulent mixing [Fitzjarrald et al., 1990, Fitzjarrald and Moore, 1990, Kruijt et al.,
2000]. The inversions that were observed above the canopy layer in the valley suggest
that a capping layer may have developed. The formation of a capping layer in the valley,
which is almost impenetrable for air parcels rising from below and that effectively traps
the heat and water vapour released from the surface [Oke, 1987], may explain larger
Li in the valley than on the plateau during nighttime periods. Below the canopy layer
on the plateau and in the valley, the atmosphere was either neutral or stable and un-
stable, respectively (Figure 5.5a, c). Near the forest floor, the atmospheric air remains
warmer than the air above it, which may cause the atmosphere below the canopy layer
to be either neutral or unstable [Fitzjarrald et al., 1990, Fitzjarrald and Moore, 1990,
Kruijt et al., 2000, Goulden et al., 2006]. Although the lowest measurement levels ofθ
are different between plateau (about 15.6m a.g.l. and 5.2m a.g.l.) and valley (about
9 m a.g.l. and 2m a.g.l.), either neutral or unstable atmospheric conditions below the
canopy layer (between 1m a.g.l. and 10m a.g.l.) of tropical forest on plateau areas
has been reported elsewhere [Kruijt et al., 2000, Goulden etal., 2006]. The instability
observed below the canopy layer in the valley suggests that the air was well mixed
there. In the dry period, the atmosphere was stable above thecanopy of both plateau
and valley (Figure 5.6a, c). The strong radiative cooling that occurs in this period may
enhance the development of a capping layer that seems to extend throughout the topog-
raphy. This layer may trap not only heat and water vapour released from the surface,
but also other passive scalars, such as CO2 (discussed further below). The atmosphere
was stable and unstable below the canopy layer on the plateauand in the valley, re-
spectively. Again, this suggests that the air is well mixed below the canopy layer in the
valley. Yet, the negative gradient ofθ (lapse) that was observed in the valley and not
on the plateau in both periods might be related to an extra source of heat in the valley
(Figures 5.5a, c and 5.6a, c). In this sense,Tsoil was higher thanθ measured below the
canopy layer at both sites (Figures 5.5a, c and 5.6a, c, Table5.4). Stream water and
groundwater temperatures are about 24.8(±0.3) ◦C throughout the year, which may
also contribute to higherTsoil in the valley. It is likely that higherTsoil in the valley
than on the plateau is enhancing the formation of a lapse below the canopy layer in the
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valley.
During daytime, the atmosphere above and below the canopy layer is unstable

and stable, respectively [Shuttleworth et al., 1985, Denmead and Bradley, 1985, 1987,
Fitzjarrald et al., 1990, Kruijt et al., 2000, Goulden et al., 2006]. This was observed on
the plateau (about 08:30h) in the wet and dry periods (Figures 5.5b and 5.6b). How-
ever, in the valley, the atmosphere was either neutral or stable above 30m a.g.l., un-
stable from 20–30m a.g.l., and stable below the canopy layer (Figures 5.5d and 5.6d).
Instability above 30m a.g.l. in the valley was observed early in the afternoon (about
13:00h) and late in the morning (about 10:00h) in the wet and dry periods, respec-
tively. This suggests that in the wet and dry periods, complete erosion of the nocturnal
boundary layer occurred later in the valley than on the plateau. This is in agreement
with what de Araújo et al. [2008a, Chapter 3] have suggestedwhen measuring the spa-
tial and temporal variability of [CO2] along this topography.

5.5.3 Wind speed and direction

Lower wind speeds in the valley than on the plateau are an effect of topography known
as topographically-modified winds [Oke, 1987]. Moderate topography (slopes up to
about 30%) usually allows the boundary layer flow to adjust without separation, pro-
ducing a slowing near the valley floor. At this site, de Araújo et al. [2008a, Chapter 3]
reported a maximum slope of about 12%. Small differences between wind speeds on
the plateau and in the valley during daytime suggest that both sites were exposed to the
same local convection system and radiative forcing (Figure5.4a, b). On the other hand,
the large differences observed during nighttime suggest that decoupling of the surface
layer from the air above is stronger in the valley than on the plateau (Figures 5.5a,c
and 5.6a,c).

Higher frequency of wind directions from the west (180–360◦) in the wet pe-
riod than in the dry period is associated with local circulations around storm systems
[Malhi et al., 1998]. Particularly during nighttime, the modal wind direction in the val-
ley (90–120◦) was different from that on the plateau (30◦) in both wet and dry periods.
The orientation of the valley is much the same as that of the modal wind direction (Fig-
ure 5.2). This suggests that the direction of the flow in the valley is also determined by
the valley orientation.

5.5.4 Atmospheric stability and friction velocity

During nighttime, on the plateau, the flow above the canopy was dynamically unstable
and turbulent in the wet period, and neutral in the dry period(Figure 5.8a, c). In
the wet period, nighttime cloudiness may have influenced thestability and radiative
cooling above the canopy on the plateau, thus enhancing the vertical transport and
mixing above the canopy. In the dry period, the contributionof this process is less
important (Section 5.5.1). In addition, low-level jets mayalso have contributed to
influence the flow pattern above the canopy [Karipot et al., 2008]. In the Amazon,
their occurrence is predominantly higher in the wet period [dos Santos, 2005].

In the valley, the flow was dynamically stable and laminar in both periods (Fig-
ure 5.8b, d). This denotes that if any vertical exchange occurs it will be due to forced
or mechanical convection because buoyancy is absent [Oke, 1987]. However, low val-
ues ofu∗ throughout the night (about 0.1m s−1) suggest that there is almost no forced
or mechanical convection on the plateau and in the valley (Figure 5.8).
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During daytime, on the plateau, the flow above the canopy was dynamically unsta-
ble and turbulent in the wet and dry periods (Figure 5.8a, c).Particularly in the dry
period,Ri was more negative in layer 2 than in layer 1 until late in the morning (about
11:00h), showing thatθ gradient was larger over layer 2 than over layer 1. However, as
the wind speed gradient increase is larger in layer 2 than in layer 1,Ri becomes more
negative in layer 1 than in layer 2 (Figure 5.8c). In the valley, the flow was dynamically
unstable and turbulent in layer 2 and neutral in layer 1 (Figure 5.8b, d).

The absence ofθ gradient in layer 1 denotes that buoyancy is not important there
and that mixing is promoted by wind (i.e. forced convection), as can be seen by high
u∗ values (Figure 5.8b, d). According to Oke [1987], such conditions are found with
cloudy skies and strong winds, and in the lowest 1–2m a.g.l. of the atmosphere. In this
case, the cloudy sky condition may be caused by radiation fogthat occurs in the valley
(Section 5.5.1). However, there were no strong winds in the valley (Section 5.4.2).
There must thus be another physical explanation for the observed pattern in layer 1. A
close inspection onRi of layer 1 at about 08:00h in the morning shows that the flow
was dynamically unstable and turbulent (Ri < −0.25) in both wet and dry periods
(Figure 5.8b, d). This suggests a lapse and that free convection dominated the forced
convection. In addition, about the same time but in the dry period, we have observed
a decline ofLi (Section 5.5.1, Figure 5.4d). This decline ofLi suggests that either
the radiation fog may have disappeared due to mixing, or the inversion may have sunk
[Oke, 1987, Whiteman, 1982, Whiteman and McKee, 1982, Whiteman et al., 2004].
As radiation fog did not occur every day, it is likely that theinversion destruction in
the valley follows the same pattern as for deep valleys elsewhere [Whiteman, 1982,
Whiteman and McKee, 1982, Whiteman et al., 2004]. TheSi that reaches the canopy
surface in the valley generates sensible heat flux that will create a shallow mixed layer
(e.g. layer 2 in Figure 5.8b, d). This may occur elsewhere in the valley as well on the
slopes, thereby isolating a core of stable air. The development of these mixed layers
may generate thin anabatic flows up the slopes that will remove mass from the core
causing the inversion to sink and warm adiabatically. Eventually, the top of the mixed
layer (i.e. the top of the convective boundary layer) in the valley may meet the top
of the descending inversion causing the complete destruction of the inversion, and a
well-mixed atmosphere may occur in the valley.

5.5.5 [CO2] vertical profiles and CO2 storage

The [CO2] was lower on the plateau than on the slopes and in the valleysduring
both daytime and nighttime periods (Figure 5.11). This is inagreement with what
has been reported by de Araújo et al. [2008a,b, ; Chapters 3 and 4]. During nighttime,
the buildup of CO2 was larger on the slopes and in the valleys than on the plateau. Noc-
turnal cold air drainage (i.e. katabatic flow), thermal stratification above and within the
canopy layer, and again differences inRsoil among plateau, slope and valley (explained
below) were considered as possible causes for the observed variability in [CO2] along
this topography [Chapter 3; de Araújo et al., 2008a]. The thermal stratification above
the canopy may cause different flow regimes above the canopy during nighttime and
thus have contributed to enhance the CO2 buildup on the slopes and in the valleys. In
the valleys, the [CO2] vertical profiles between 20m a.g.l. and 3m a.g.l. were quite
uniform, thus suggesting that the air is well mixed there (Figure 5.11). This pattern was
also reported by de Araújo et al. [2008a, Chapter 3]. Indeed, according to the night-
time values ofθ in the valley (Section 5.4.2, Figures 5.5 and 5.6), the atmosphere from
about 25m a.g.l. downwards was statically unstable. This shows that free convection
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might have been driving the vertical mixing within canopy layer. Less vertical mixing
in the valley than on the plateau during daytime and higherRsoil on the slope and in the
valley than on the plateau in the dry season (discussed further) were considered driv-
ing the variability in [CO2] along this topography [Chapter 3; de Araújo et al., 2008a].
In this sense, as shown before (Section 5.4.2, Table 5.5), the average wind speed was
indeed slightly lower in the valley than on the plateau during daytime. In addition,
the atmosphere was neutral at about 30–42m a.g.l. in the valley throughout daytime
(layer 1 in Figure 5.8b, d), and mixing in this layer was promoted by forced convection
(Section 5.5.4). Low wind speed in this layer may cause some CO2 to be trapped, thus
resulting in high [CO2] in the valley and on the slope.

Daytime and nighttime values of [CO2] were lower in the wet period than in the
dry period at all topographic positions. de Araújo et al. [2008a, ; Chapter 3] observed
a similar pattern on the plateau of K34 tower. They argued that during nighttime there
was less vertical mixing in the dry season than in the wet season. Indeed, we have
observed the same pattern on the plateau (Figure 5.8a, c). However, if we assume that
the flow observed above the canopy in the valley (e.g., dynamically stable and laminar
in both wet and dry periods) is similar to that on the slope, this argument does not
hold. Mechanical convection was negligible in the valley (Figure 5.8b, d). Thus, as
mentioned before, it is very likely that nocturnal cold air drainage and the differences
in Rsoil among plateau, slope and valley are driving the differencesin [CO2] between
wet and dry periods. For example, katabatic flow was measuredunderneath the canopy
of an Amazonian forest at about 700km east of our site [Tota et al., 2008]. In addition,
de Araújo et al. [2008b] using an isotopic tracer (e.g., carbon isotope ratio of atmo-
spheric CO2 – δ13Ca, Chapter 4) observed that the carbon isotope ratio of ecosystem
respired CO2 (δ13CReco) was more negative on the plateau of K34 tower than in the
valleys during nights with relatively less stable atmosphere above the canopy on the
plateau and in the dry season. The most likely explanation was sought on katabatic
flow that might have transported less negativeδ13Ca from the plateau to the valleys.
Furthermore, in the vicinity of this site,Rsoil varies in a temporal, spatial and seasonal
scale [de Souza, 2004, Chambers et al., 2004, Sotta et al., 2004, do Carmo et al., 2006,
van Diepen, 2006]. For example, in the wet season,Rsoil is higher on the plateaus and
along the slopes than in the valleys [de Souza, 2004, van Diepen, 2006]. In contrast,
in the dry season,Rsoil is higher on the slopes and in the valleys than on the plateaus
[de Souza, 2004]. These conditions suggest that the contribution of katabatic flow to
the nocturnal buildup of CO2 on the slopes and in the valleys may be more pronounced
in the wet season than in the dry season. In the wet season, thenights are less stable
on the plateaus andRsoil is lower in the valleys. Higher values of [CO2], on the slopes
and in the valleys during nighttime, in the dry period than inthe wet period very likely
result from a combination of biotic (Rsoil) and physical processes (katabatic flow and
stable layer above the canopy in the valley). Low values of [CO2] in the wet period
than in the dry period during daytime hours may be related to differences in CO2 uptake
and release. For example,Fc measured near to and on the plateau of this K34 tower
have shown larger carbon uptake in the wet season than in the dry season [Malhi et al.,
1998, de Araújo et al., 2002]. Yet, de Araújo et al. [2008a,Chapter 3] have observed
larger [CO2] drawdown in the wet season than in the dry season on the same plateau.
As to CO2 release, particularly in the dry period,Rsoil is higher on the slope and in
the valley than on the plateau [de Souza, 2004], and the atmosphere is neutral at about
30–42m a.g.l. in the valley throughout daytime (layer 1 in Figure 5.8b, d).

Positive values ofS from about mid-afternoon until early in the morning (Fig-
ure 5.10) denote the increase of [CO2] during the same period at all topographical
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Figure 5.12: Average daily courses of soil CO2 efflux (Rsoil) measured on the plateau,
slope and valley of a site in central Amazonia in the dry period of the year 2006. Each
point corresponds to half-hour average (±SE). The shaded areas indicate the nighttime
periods. Time is presented as local time.

positions (Figure 5.9). Lower values ofS on the slopes (S1 and S2) and in the valleys
(V1 and V2) than on the plateau (P) during daytime hours (Figure 5.10) are the result
of larger nocturnal buildup of CO2 on the slopes and in the valleys than on the plateau
(Figure 5.9).

The higher variability of nighttime curves ofS on the plateau than on the slopes
and in the valleys (Figure 5.10), in both wet and dry periods,is in agreement with
the flow dynamic stability observed above the canopy layer onthe plateau and in the
valley (Figure 5.8). LargerS on the slopes and in the valleys in the dry period than
in the wet period is an effect of the very likely combination of biotic and physical
processes discussed above. Particularly in the dry period,nighttime average curves
of S were in phase with those ofRsoil on the slope and in the valley, which have
shown a peak about 18:00–20:00h followed by a decrease throughout the night until
reach a minimum about 06:00-06:30h (Figure 5.12). This suggests that, in this period,
Rsoil may contribute more to the nocturnal buildup of CO2 on the slopes and in the
valleys than katabatic flow. LowerS fluxes during daytime hours in the dry period
than in the wet period at all topographical positions (Figure 5.10) is an effect of the
larger nocturnal buildup of CO2 in the dry period than in the wet period (Figure 5.9).

As the plateau and valley towers are within each others typical ”flux footprint”
area [de Araújo et al., 2002], it is quite likely that the high S fluxes measured in the
valley during daytime hours should affect the NEE calculated for the plateau, and hence
reduce estimated daytime uptake of CO2 on the plateau (discussed further below). In
this and previous studies [Malhi et al., 1998, de Araújo et al., 2002, Kruijt et al., 2004],
storage corrections were only calculated from local profiles, disregarding the variability
of S between plateau and valley. To account for a variableS, as derived from the data
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in this study, it should be weighted with a footprint model and then spatially averaged.

5.5.6 Net ecosystem exchange and light-response curve

The differences in flow regime above the canopy on the plateauand in the valley and the
variability of S throughout the topography had a strong influence on the diurnal curves
of NEE. For example, during nighttime, NEE was slightly larger on the plateau than in
the valley, in the wet and dry periods (Figure 5.11). There are two possible explanations
for this difference. First, due to either dynamically unstable and turbulent flow or
neutral atmosphere above the canopy on the plateau,Fc was larger there (Figure 5.8a,
c). In contrast, the dynamically stable and laminar flow above the canopy in the valley
causesFc to be lower there (Figure 5.8b, d). Second,S fluxes decreased throughout
the night in the valley, whereas this was not the case on the plateau (Figure 5.10).
Furthermore, during daytime, NEE minimum occurred at different times in the wet
and dry periods. Lower values of NEE minimum in the valley than on the plateau
at about 10:00h in the wet period may be explained by lower values ofS andFc in
the valley (about -7µmol m−2 s−1 and -14µmol m−2 s−1, respectively) than on
the plateau (-4µmol m−2 s−1 and -10µmol m−2 s−1, respectively; Figure 5.11a,
b). It is very likely that this difference is the result of both the pattern of inversion
destruction in the valley and the preferential pooling of CO2 in the low-lying areas of
this landscape (Sections 5.5.4 and 5.5.5). This suggests that, in the valley, both larger
nocturnal buildup of CO2 (Figure 5.9) and longer time taken to destroy the nocturnal
boundary layer (at about 13:00h, Figure 5.5d) may confound the interpretation of
NEE (discussed below). In the dry period, NEE minimum was more dependent on the
differences inFc than inS between plateau and valley. At 10:00h, Fc was about -15
µmol m−2 s−1 and -7µmol m−2 s−1 on the plateau and in the valley, respectively,
andS was quite the same (about -6µmol m−2 s−1) at both positions (Figure 5.11c,
d). As shown before (Section 5.5.2), in this period, the destruction of the nocturnal
boundary layer in the valley occurred at about 10:00h (Figure 5.6d). At noon,Fc was
about -15µmol m−2 s−1 and -16µmol m−2 s−1 on the plateau and in the valley,
respectively, andS was quite the same (about -3µmol m−2 s−1) at both positions
(Figure 5.11c, d). This suggests that, in the dry period, thecarbon uptake reaches
a maximum earlier on the plateau than in the valley, most likely due to reduced soil
moisture on the plateau than in the valley (Section 5.4.1). It is important to note that,
in the valley, the period between 08:00h and 10:00h in the morning is critical for
interpreting the NEE (Figure 5.11b, d). Low values of NEE, which sometimes are
as low as those on the plateau, are clearly biased by lowerS and do not necessarily
mean that the ecosystem is assimilating more carbon in the valley than on the plateau
(discussed below). The times in which NEE minimum and the start of a strong increase
of NEE were observed varied between the wet and dry periods for both plateau and
valley. If we assume that NEE minimum would have been observed at about 12:00h in
the valley, we could say that both NEE minimum and the start ofa strong increase of
NEE occurred later in the wet period than in the dry period on both plateau and valley
(Figure 5.11). This suggests an ecophysiological responseof vegetation to dryness.

To evaluate the relation between radiation and photosynthesis, a non-rectangular
hyperbolic response function was fit to the NEE and PAR observed on the plateau and
in the valley. The light-response curve model for NEE can be written as:

NEE =
−1

2η

(

αPAR+ Fmax −

√

(αPAR+ Fmax)2 − 4αFmaxηPAR
)

+Reco (5.6)
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Table 5.6: Comparisons of light-response curve parametersfrom a plateau (K34) and
valley (B34) in central Amazonia during 17 days in May 2006.

Parameter K34 B34

α [µmol CO2 µmol−1 absorbed photons] 0.035 0.027
Fmax [µmol m−2 s−1] 32.8 39.0
Reco [µmol m−2 s−1] 7.2 4.8
η 0.93 0.85
Light compensation point [µmol photonsm−2 s−1] 211 181
n 442 224
r2 0.63 0.61

whereα is the mean apparent ecosystem quantum yield,Fmax is maximum assimi-
lation rate at light saturation,Reco is the ecosystem respiration andη describes the
curvature of the hyperbola [Malhi et al., 1998, Gilmanov et al., 2003, Stoy et al., 2006,
0 < η < 1]. In the regression for the light response curve for the valley data,α was
forced toα > 0.025 µmol CO2 µmol−1 absorbed photons andη was constrained to
η > 0.85. These constraints were applied because the unconstrainedregressions gave
unrealistic light response curves (see discussion below).

As the light-response curves were very similar both in the wet and in the dry pe-
riods, except for slightly lower values ofReco and α, we have decided to use the
longest dataset with no gaps among days. The period from doy 123 to 140 of 2006
(between 06:00h and 18:00h) was therefore used to obtain the light-response curves
for plateau and valley (data not shown). The parameters obtained for both topograph-
ical sections are presented in Table 5.6. The estimatedα was higher on the plateau
(about 0.035mol CO2 mol−1 absorbed photons or 29 absorbed photons per molecule
of fixed CO2) than in the valley (0.027mol CO2 mol−1 absorbed photons or 37 ab-
sorbed photons per molecule of fixed CO2). This is about 58% and 45%, respec-
tively, of the theoretical maximum predicted for C3 plants [Farquhar et al., 1980], and
agree with previous studies in Amazon forest that have shownα varying from 0.025
to 0.055 [Fan et al., 1990, Grace et al., 1995a, Malhi et al., 1998, Carswell et al., 2002,
Goulden et al., 2004]. Lowerα in the valley than on the plateau may be indicative of
either a reduced or a limited photosynthetic capacity in thevalley, likely due to low leaf
nitrogen concentration [Luizão et al., 2004, Nardoto, 2005]. This agrees with what was
proposed by de de Araújo et al. [2008b, Chapter 4].

Fmax was higher in the valley (about 39µmol m−2 s−1) than on the plateau (about
33 µmol m−2 s−1, Table 5.6). As explained before, in the valley and between 08:00
h and 10:00h, low values of NEE may be biased by lower values ofS (Figure 5.11b, d).
Thus, it is likely that this effect may be contributing to theobserved difference inFmax.
However, it is also likely that part of this difference may bereal, because with increased
[CO2] plants are expected to fix more carbon in photosynthesis andthereby increase the
production of biomass [Matamala and Schlesinger, 2000, Ziska et al., 2001]. Higher
[CO2] was observed in the valley than on the plateau (Figure 5.9),and the time taken
to release the CO2 stored throughout the night was longer in the valley than on the
plateau (Sections 5.5.2 and 5.5.4). Nevertheless, it is important to note that both leaf
nitrogen concentration and aboveground biomass are lower in the valley than on the
plateau [Higuchi et al., 1998, Luizão et al., 2004, Nardoto, 2005]. Thus, it is somewhat
counterintuitive to observe higher NEE andFmax in the valley than on the plateau.
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The ”dark”Reco, which is calculated at zero PAR, was about 7.2µmol m−2 s−1 and
4.8 µmol m−2 s−1 on the plateau and in the valley, respectively (Table 5.6). Partic-
ularly on the plateau, estimatedReco was very close to that measured near to our site
(about 7.8µmol m−2 s−1) by Chambers et al. [2004]. However, on the plateau, except
for the period between 00:30h and 06:00h in the wet period, nighttime values of NEE
were predominantly lower than estimatedReco in both wet and dry periods. In contrast,
in the valley and between 18:00h and 23:00h, they were quite similar to the estimated
Reco (Figure 5.11).

It is noteworthy that, in the valley, an unconstrained regression did not provide a re-
alistic light response curve. The unconstrained regression parameters (data not shown)
would point to an ecosystem where the photosynthesis does not saturate at high light
conditions and photosynthetic capacity was high, as the curvature of the light-response
hyperbola approaches zero. Malhi et al. [1998] also observed lack of saturation in high
light, at a site located about 10km away from our towers. This may indicate the im-
perfection in treating the dense canopy as abig leaf as individual leaves in the lower
canopy may be able to utilize extra light when the upper canopy leaves are light satu-
rated [Mercado et al., 2007]. The whole-canopy light-response curve therefore differs
from that of individual leaf.

Finally, the ecosystem light compensation point (when CO2 release equals CO2 up-
take) was higher on the plateau (211µmol m−2 s−1) than in the valley (about 181
µmol m−2 s−1, Table 5.6). This difference may be related to largerReco on the
plateau than in the valley. It was necessary more photons of PAR on the plateau than
in the valleySo that photosynthesis equaledReco.

5.6 Conclusions

The spatial and temporal variability ofS, NEE and meteorological variables was mea-
sured along a topographical gradient in central Amazonia. The nocturnal accumulation
of CO2 was larger on the slopes and in the valleys than on the plateau. This accumula-
tion was larger in the dry period than in the wet period. In addition, the release of this
CO2 occurred later on the slopes and in the valleys than on the plateau. Differences in
the flow regime above the canopy on the plateau and in the valley, which were driven
by thermal stratification and differences in wind speed, thepattern of destruction of
the nocturnal boundary layer in the valley, lateral drainage of respired CO2 downslope,
and spatial, temporal and seasonal variability ofRsoil are thought to have contributed to
this. These conditions have causedS to be lower on the slopes and in the valleys than
on the plateau during midmorning hours. It is very likely that the interpretation of NEE
measured on both plateau and valley during this period may bebiased by lowerS in the
valley than on the plateau. For example, in the valley, NEE was as low as that on the
plateau, suggesting thus similar carbon uptake rates by theforests of both topographi-
cal positions. This is unlikely because the forests in the valley are nitrogen-limited and
have lower biomass.

In the wet and dry periods, the nocturnal flow in the valley seems to be determined
by either the topography or local circulation as compared tothat on the plateau. In the
valley, the flow was oriented in the same direction of the valley orientation, whereas on
the plateau it was oriented according to the trade winds direction.

On the plateau, theReco – as determined by the eddy covariance measurements
during nighttime – agreed quite well with that measured by anindependent method
[Chambers et al., 2004] only in the wet period. In this period, the flow was dynamically
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unstable and turbulent above the canopy on the plateau. Thisshows that the eddy
covariance measurements underestimate theReco more in the dry period than in the
wet period.

If the destruction of the nocturnal boundary layer in the valley follows the same
pattern as for deep valleys elsewhere, the thin anabatic flows up the slopes will transport
air with high [CO2] to the plateau. This may causeS to be either less negative or close
to zero, as wellFc to be more positive on the plateau (Figures 5.10 and 5.11). Wewere
not able to distinguish which term of the mass balance equation (eitherFc or S) for
the plateau was more susceptible to the CO2 released from the valley during the period
after dawn. This would point to the use of the atmospheric boundary layer budgeting
technique as suggested by Lloyd et al. [2007].

Finally, we have demonstrated that the temporal and spatialvariability of S along
a gentle slope may confound the interpretation of NEE. As many flux measurement
towers are set over non-flat terrains, care must be taken whenusing the carbon fluxes
as derived by the eddy covariance measurements for determining the carbon balance.



Chapter 6

Synthesis

6.1 Role of micro-scale variability on CO2 fluxes

The CO2 fluxes measured by two nearby flux measurement towers locatedin the same
type of forest ecosystem in central Amazon, near Manaus, Brazil, were not similar even
though the forest sites are only 11km apart. The C14 site clearly accumulated more
carbon than K34 site. A possible ecological explanation forthe difference in fluxes lies
in the larger area of plateau with taller forest around C14 and, conversely, in the larger
area of waterlogged vegetation near K34. The C14 plateau forest has older and taller
individual trees than the K34 plateau forest, which could mean better access to deep
soil water at C14. In this sense, it could also mean that a larger proportion of trees in
K34 is either not having access to deep soil water or being limited by water logging.

The cumulative balance of carbon over time for both sites suggested very high
uptake rates by this forest, which are not in agreement with ecological understanding
of the amount of carbon stored in the biomass. It is very likely that underestimation of
nocturnal CO2 fluxes during calm nights has biased positively the carbon sink strength.
The choice whether or not to filter and replace the nighttime data represents the single
major uncertainty in the whole estimation process. The choice can turn a very large
carbon sink into a moderate one or even into a small source.

After calm nights, there is often a peak in the upward flux of CO2 early in the
morning, which is attributed to the flushing out of the CO2 stored overnight beneath
and within the canopy. It is likely that part of this CO2 wells up from the valley bottoms
during early morning, where it may have been stored after nocturnal drainage from the
slopes. In addition, these emissions appear to be higher in the dry season than in the wet
season. These findings led us to a more detailed investigation on the role of micro-scale
variability on CO2 fluxes at K34 site, as shown below.

6.2 Vertical and horizontal variability of [CO 2]

In general, the diurnal pattern of the [CO2] vertical profile on the plateau showed an
increase during the night with a maximum at dawn, followed bya decline to an af-
ternoon minimum. The seasonal pattern showed stronger [CO2] drawdown in the wet
season than in the dry season. Nighttime [CO2] was higher in the dry season than in the
wet season due to reduced vertical mixing during the dry season. This could explain

119



120 CHAPTER 6. SYNTHESIS

the higher upward flux of CO2 in the dry season than in the wet season during early
morning.

Investigations made in the dry season showed that there is a preferential pooling
of CO2 in the lower topographical areas of this landscape, most likely due to noctur-
nal advection of CO2 and spatial variability ofRsoil along the topography. During the
night, build-up of CO2 started earlier at the slope and in the valley than on the plateau,
and [CO2] was stratified horizontally in layers of increasing concentration (from top to
bottom) along the topographical gradient. This horizontalstratification seemed to be
determined by inversion layers that develop above and underneath the canopy. In addi-
tion, the [CO2] vertical profile was uniform in the valley and showed that the air was
well mixed there, likely due to the occurrence of thermal belts. During the morning,
usually there was a sharp decrease in [CO2] over time, but the CO2 stored in the valley
took longer to be released than that on the plateau. It appears that sometimes the [CO2]
in the valley does not drop to the same levels as on the plateauat any time during the
day.

We showed that the storage and the changes in storage of CO2 inside a tropical
forest on undulating terrain in central Amazonia is spatially very heterogeneous, even
within the footprint of a flux tower (about 1km in this case). The observed large
fluxes into (at night) and out of storage (during early morning), in the valley, may
well contribute to the NEE measured on the plateau. This was illustrated by showing
apparent redistribution and substantiated by descriptions of similar phenomena in the
literature. In addition, these processes and variability are usually not accounted for
when correcting EC fluxes.

6.3 Implications of CO2 pooling onδ
13Cleaf and δ

13CReco

In Section 6.2 we showed that CO2 is pooling in the low areas of this landscape in
the dry season. In addition, we have qualitatively inferredthat nocturnal advection of
CO2 may occur along this topographical gradient in central Amazonia. However, it is
likely that the spatial variability ofRsoil along the topography also plays a role. We
tried to determine the source strength of CO2 on the plateau and in the valley areas by
using a naturally occurring and stable isotopic tracer, e.g. the δ13C, in combination
with [CO2] profile measurements.

We formulated two hypotheses to be tested in dry season conditions. The first one
proposed that the isotopic signature of canopy leaves (δ13Cleaf ) is more negative in the
valley than on the plateau as consequence of both higher soilwater availability in the
valley and longer time of exposure to high [CO2] with lower 13C of air (δ13Ca) in the
valley than on the plateau during daytime hours. The second one proposed that the
isotopic signature of ecosystem respiration (δ13CReco) is more negative in the valley
than on the plateau.

There is substantial evidence thatδ13Cleaf is indeed more negative in the valley
than on the plateau. The processes and factors that may be playing a role at our site are
leaf nitrogen concentration, LMA, soil moisture availability, ∆leaf and lowerδ13Ca in
the valley during daytime hours.

According to the literature, there is a strong positive relationship between WUE and
δ13Cleaf . Thus, at this site, the observed pattern ofδ13Cleaf might suggest that WUE
is higher on the plateaus than in the valleys. However, therewas no full supporting
evidence for this because it remains unclear how much of the difference inδ13Cleaf was
driven by physiology or byδ13Ca.
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The δ13Cleaf , δ13Caandδ13CRsoil were more negative in the valley than on the
plateau. Thus,δ13CReco is expected to be also more negative in the valley than on
the plateau. This was observed on some nights, whereas on others it was not. The
most likely explanation for this was sought in lateral drainage of CO2 enriched in
13C from upslope areas, when the nights are less stable. This argument is based on
assumed physical factors only, such as stability parameters, lateral drainage, nocturnal
thermal stratification, thermal belts, etc. However, biotic factors, such asRsoil and the
responses of plants to environmental variables such asD may also play a role. For
example,Rsoil varies spatial and seasonally along this topography and theresponse of
heterotrophicRsoil to hydration is faster than that of autotrophicRsoil. The soluble
sugars produced at the top of the trees are used at the sites ofrespiration (e.g. stem,
leaves, and roots) and their signature should reflect the environmental conditions that
prevailed when they were biosynthesized. The relationshipbetweenδ13CReco andD
sheds light on this issue.

6.4 Spatial and seasonal variability ofS and interpre-
tation of NEE

In Sections 6.2 and 6.3 we showed that CO2 is pooling in the valleys of this landscape
in the dry season, and that [CO2] remains higher in the valley than on the plateau during
daytime hours. This could lead to a mis-interpretation of CO2 fluxes measured on the
plateau during early morning hours. Nocturnal advection ofCO2, spatial variability
of Rsoil along the topography, inversion layers that develop above and underneath the
canopy, less stable atmosphere at certain nights and reduced wind speed in the valley
than on the plateau, among others, were considered driving the observed variability
in [CO2] along this topography. However, empirical data were lacking until now on
synchronous measurements of the diurnal variability of [CO2] along the topography in
both wet and dry seasons, as well as of meteorological and turbulent variables such as
air temperature, radiation, wind speed, friction velocity, momentum, latent and sensible
heat fluxes, and CO2 fluxes. It was clear that permanent automatic devices had to be
installed to measure [CO2] and temperature vertical profiles, at one or two points along
topographical gradients near a flux tower.

Consequently, the spatial and temporal variability ofS, NEE and meteorological
variables was measured along a topographical gradient in central Amazonia. The noc-
turnal accumulation of CO2 was larger on the slopes and in the valleys than on the
plateau. This accumulation was larger in the dry period thanin the wet period. In
addition, the release of this CO2 occurred later on the slopes and in the valleys than
on the plateau. Differences in the flow regime above the canopy on the plateau and in
the valley, which were driven by thermal stratification and differences in wind speed,
the pattern of destruction of the nocturnal boundary layer in the valley, lateral drainage
of respired CO2 downslope, and spatial, temporal and seasonal variabilityof Rsoil are
thought to have contributed to this. These conditions have causedS to be larger in mag-
nitude on the slopes and in the valleys than on the plateau during midmorning hours. It
is very likely that the interpretation of NEE measured on both plateau and valley during
this period may be biased by lowerS in the valley than on the plateau. For example,
in the valley, NEE was as low as that on the plateau, suggesting thus similar carbon
uptake rates by the forests of both topographical positions. This is unlikely because the
forests in the valley are nitrogen-limited and have lower biomass.
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In the wet and dry periods, the nocturnal flow in the valley, asopposed to that on
the plateau, seems to be determined by either the topographyor local circulation. In
the valley, the flow was oriented along the direction of the valley orientation, whereas
on the plateau it was oriented according to the trade winds direction.

On the plateau, theReco – as determined by the eddy covariance measurements
during nighttime – agreed quite well with that measured by anindependent method
[Chambers et al., 2004] only in the wet period. In this period, the flow was dynamically
unstable and turbulent above the canopy on the plateau. Thisshows that the eddy
covariance measurements underestimate theReco more in the dry period than in the
wet period.

If the destruction of the nocturnal boundary layer in the valley follows the same
pattern as for deep valleys elsewhere, the thin anabatic flows up the slopes will transport
air with high [CO2] to the plateau. This may causeS to be either less negative or
close to zero, as well asFc to be more positive on the plateau. We were not able to
distinguish which term of the mass balance equation (eitherFc or S) for the plateau
was more susceptible to the CO2 released from the valley during the period after dawn.
This would point to the use of the atmospheric boundary layerbudgeting technique as
suggested by Lloyd et al. [2007].

Finally, we have demonstrated that the temporal and spatialvariability of S along
a gentle slope may confound the interpretation of NEE. As many flux measurement
towers are set over non-flat terrains, care must be taken whenusing the carbon fluxes
as derived by the eddy covariance measurements for determining the carbon balance.

6.5 Measurements, magnitude and variability of CO2

fluxes over complex tropical terrain

We showed that NEE estimated by flux measurement towers established over complex
tropical terrains are negatively biased. This is caused mainly by the underestimation
of Reco during stable nights, during which vertical mixing is weak and which are pre-
dominant in the Amazon forest. This has been addressed elsewhere [Miller et al., 2004,
Hutyra et al., 2007, 2008, Lloyd et al., 2007, Goulden et al.,2006]. However, we have
provided a mechanistic understanding on the causes of this bias in a tropical forest.
Among several biotic and physical factors, CO2 pooling in the low-laying areas of the
landscape and later release of this CO2 from the valleys areas than from the plateau
areas were considered the main drivers.

The use of stable carbon isotopes as tracers enabled us to infer thatReco on the
plateau has a different signature than that in the valley (e.g.it is less depleted in13C on
the plateau than in the valley). This was corroborated byδ13Cleaf andδ13CRsoil that
were more negative in the valley than on the plateau. However, on some nights, the
δ13CReco was less negative in the valley than on the plateau. The most likely expla-
nation for this was sought in lateral drainage of CO2 enriched inδ13C from upslope
areas, when the nights are less stable.

We have provided qualitative evidence that CO2 respired upslope does indeed drain
down slope during stable nights. This process, named katabatic flow or nocturnal
drainage, also contributes to an overestimation of the carbon fluxes. Measuring the
nocturnal drainage requires the use of three-dimensional (3-D) instrument arrays to
measure NEE properly. However, the 3-D nature of this problem requires a large num-
ber of instruments and complex experimental designs [van Gorsel et al., 2007]. This is
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not an option for most research sites. In this manner, the nocturnal drainage and later
release of the CO2 stored in the valley areas than on the plateau areas very likely affect
bothFc andS measured on the plateau during early morning hours and compromise
our capability of measuring EC fluxes over complex tropical terrain.

The forest on the plateau is not nitrogen-limited as compared to that in the val-
ley. However, the water-table is shallower in the valley than on the plateau. These are
known to exert strong limitations on photosynthesis and autotrophic and heterotrophic
respiration. Sunlit leaves from the plateau presented a less negativeδ13Cleaf than that
in the valley, suggesting thus that∆leaf is higher in the valley than on the plateau. This
might suggest that factors controlling the balance of stomatal conductance and assim-
ilation rate, for example light and water availability, areless restrictive in the valley
forest than on the plateau forest. We could not corroborate this because it remains
unclear how much of the difference inδ13Cleaf was driven by physiology orδ13Ca.
Furthermore, the light-response curve for the valley forest suggests thatFmax is higher
in the valley than on the plateau. Particularly in the valley, it is likely that part of
the variability observed in NEE may be real, because with increased [CO2] plants are
expected to fix more carbon in photosynthesis and thereby increase the production of
biomass. Nevertheless, the magnitude of the NEE (and consequently the carbon bal-
ance) in the valley is not in agreement with ecological understanding of the amount of
carbon stored in the aboveground biomass and soil. This alsoholds for the forest on
the plateau.
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Chapter 7

Conclusions and
recommendations

Measuring CO2 fluxes with the EC technique in Amazon forest is challengingper se
(e.g. remote locations, environmental conditions, logistics and frequent instrument
failures). In addition, the terrain is usually not flat and homogeneous. Yet the carbon
balance is determined from a tiny difference between two large fluxes, photosynthesis
and respiration, which are of the same order of magnitude (ascompared to temperate
forest), but of different signs.

Prevailing nocturnal conditions in Central Amazonia such as low wind speed, strong
thermal stratification above the canopy,i.e. stable atmosphere and low intensity of
turbulence, and nocturnal drainage lead to a violation of the assumption of horizon-
tal homogeneity. This causes the EC technique to underestimatesReco. As a conse-
quence, the carbon balance derived by the EC technique is overestimated. In addition,
specifically in low-laying areas, nocturnal drainage may also lead to a violation of the
two-source mixing model proposed by Keeling [1958] used to obtainδ13CReco.

A new methodology needs to be developed to reduce the uncertainty in the car-
bon balance of tropical forests on complex terrain by using the eddy covariance tech-
nique. An alternative was proposed by Hutyra et al. [2008]. They used theu∗ filter ap-
proach (to determine when the nocturnal CO2 fluxes need to be rejected and to be filled
with the mean value for proximate, well-mixed periods) and compared with bottom-up,
222Rn and light-response curve estimates. The result was quitepromising. However,
their site was on flat terrain.

It is clear that the use of one single tower is not enough [Lloyd et al., 2007, Sun et al.,
2007]. Measuring the nocturnal drainage requires the use of3-D instrument array to
measure NEE properly. However, the 3-D nature of this problem requires a large num-
ber of instruments and complex experimental designs [Staebler and Fitzjarrald, 2004,
van Gorsel et al., 2007]. This is not an option for most research sites.

Particularly for flux tower sites over complex terrain, we dorecommend measuring
the spatial variability of CO2 at least at two more points along the topography to de-
termine to what extent horizontal gradients in storage changes may contribute to tower
fluxes. In addition, an experiment devised to quantify directly the advection flow at the
slope is needed. This type of measurement is presently beingexecuted at the Manaus
K34 site, and will be reported on in subsequent publications. Nevertheless, prelimi-
nary results have shown an anabatic (uphill) flow underneaththe canopy during noc-
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turnal conditions (Julio Tota, personal communication).This is somewhat unexpected
and again, reinforces both the 3-D nature and complexity of the problem.

Atmospheric boundary layer budgeting techniques may provide a better estimate of
Reco [Lloyd et al., 2007]. However, this is not an option for long-term monitoring of
carbon fluxes. Nevertheless, this suggest that the approachused by flux towers needs
to be revisited, and that a model approach might be used to improve our understanding
about the flow patterns over complex terrains such as that described in this thesis (e.g.
large-eddy simulation (LES) at high resolution). This may give the required informa-
tion on the CO2concentration changes in the footprint of the flux tower which, as also
shown in this thesis, can be substantial. In the meantime, care should be taken with
single in-canopy profiles of [CO2] to correct EC fluxes.



Chapter 8

Summaries

8.1 English summary

Forests around Manaus have been the subject of the oldest andthe longest forest–
atmosphere carbon dioxide (CO2) exchange studies made anywhere in the Amazon.
Since July 1999 the exchange of CO2, water and energy as well as weather vari-
ables have been measured almost continuously above two forests, 11km apart, in the
Cuieiras Reserve, near Manaus, Brazil. The landscape in this part of central Amazo-
nia is a mosaic of well-drained plateau areas and poorly-drained broad valleys. The
forest composition reflects the spatial variation in topography, soil and drainage status.
Terra firme(dry) forest is found in the well drained parts of the area (higher slope and
plateau), whereas more opencampinaranaforest of lower stature is found on the foot-
slopes and poorly drained valley soils. The study sites differ in terms of the proportions
of plateau and valley areas in the tower footprints. The plateaus surrounding the eastern
C14 tower (formerly known as ZF2) within a 5km footprint radius cover 63% of the
area, whereas those surrounding the western K34 tower cover54%.

Radiation and wind speed were similar at both towers. Generally, both long-wave
and short-wave radiation inputs were lower in the wet seasonthan in the dry season.
The energy balance closure was imperfect (on average 80% closure) for both flux tow-
ers, with little variation in energy partitioning between wet and dry seasons. This was
presumably due to anomalously high rainfall in the 1999 dry season and larger differ-
ences may be expected under drier conditions.

Fluxes of CO2 also showed little seasonal variation, except for a slightly shorter
daytime uptake duration and somewhat lower respiratory fluxes in the dry season. The
net effect is one of lower daily Net Ecosystem Exchange (NEE)in the dry season. The
C14 tower with a lower valley area cover in its footprint measured a higher overall
CO2 uptake rate. We found that on first sight NEE is depressed during calm nights,
as was observed at many other flux tower sites before. However, closer inspection
of the diurnal variation of CO2 storage fluxes and NEE suggests that at least part of
the night-time deficits is recovered from either a lateral influx of CO2 from valleys or
outgassing of soil CO2 storage. Therefore, there is a high uncertainty in the magnitude
of nocturnal NEE, and consequently preliminary estimates of the annual carbon uptake
have a large range, from 1t ha−1 yr−1 to 8 t ha−1 yr−1 at K34. The maximum is
even larger for the C14 tower with less valley area in its footprint. Uptake rates above a
3–4t ha−1 yr−1 are clearly unsustainable in undisturbed rain forest and the high rates
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obtained by eddy covariance (EC) technique called for further investigations into the
carbon balance of Amazon landscapes.

In complex terrain where topography, soils, drainage status and forest composition
all vary spatially, CO2 fluxes may vary locally and lateral transport of CO2 may occur,
especially during calm nights. As such lateral transport (advection) may not readily be
detected by a single eddy covariance system located in a complex ecosystem, single
tower flux measurements of CO2 and water vapour above tropical rain forests may
often be difficult to interpret. Studies were therefore initiated to assess the importance
of spatial variation in the footprint area of the K34 tower site in the Cuieiras catchment.

The spatial and temporal variation in CO2 fluxes was studied using measurements
of CO2 along vertical profiles in and above the canopy at several sites along a topose-
quence (plateau – slope – valley). Both seasonal and diurnalvariations were captured
in our excellentdata set. Atmospheric carbon dioxide concentration ([CO2]) maxima
occured around dawn, and there was a generally higher CO2 build-up during the dry
season. Stronger daytime CO2 drawdown was observed during the wet season. This
variation occured at all sites along the toposequence, but more CO2 accumulated at the
slope and valley bottom sites than at the plateau. There was adependence on the atmo-
spheric stability. Especially during stable nights, CO2 accumulation followed lines of
equal altitude, suggesting that large amounts of CO2 were stored in the valleys at night.
Flushing of this store only occured during the mid-morning,when some proportion of
the stored CO2 may be transported back to the plateaus where the flux measurement
tower was located. It is clear that for a proper interpretation of tower fluxes in such
heterogeneous and actively respiring terrain, the horizontal variability of storage needs
to be taken into account, not only during the night but also during the mornings.

The carbon isotope of a leaf (δ13Cleaf ) is generally more negative in moist riparian
zones than in areas with lower soil moisture content or rainfall input. In the cen-
tral Amazonian landscape, plateau soils are well drained, and therefore drier than the
poorly drained valley soils during the dry season. The nocturnal accumulation of atmo-
spheric CO2 is higher in the valley than on the plateau in the dry season and CO2 stored
in the valley air takes longer to be released than on the plateau. For this reason, the
[CO2] does not always drop to the same level as on the plateau during the day. Sam-
ples of sunlit leaves and atmospheric air were collected along a topographical gradient
to test whether theδ13Cleaf of sunlit leaves and the carbon isotope ratio of ecosystem
respired CO2 (δ13CReco) were more negative in the valley than on the plateau. The
measurements show thatδ13Cleaf was significantly more negative in the valley than on
the plateau. Factors considered to be driving the observed variability in δ13Cleaf were
leaf nitrogen concentration, leaf mass per unit area (LMA),soil moisture availability,
more negative carbon isotope ratio of atmospheric CO2 (δ13Ca) in the valley during
daytime hours and leaf discrimination (∆leaf). The observed pattern ofδ13Cleaf sug-
gests that the water-use efficiency (WUE) of the forest may behigher on the plateau
than in the valley. However, there was no full supporting evidence for this because it
remains unclear how much of the difference inδ13Cleaf was driven by physiology or
δ13Ca. The δ13CReco was more negative in the valley than on the plateau on some
nights, whereas in others it was not. It is likely that lateral drainage of CO2 enriched
in 13C from upslope areas might have occured during nights when atmospheric condi-
tions were less stable. Biotic factors such as soil CO2 efflux (Rsoil) and the responses
of plants to environmental variables such as vapour pressure deficit (D) may also have
played a role.

In the above, the preferential pooling of CO2 in the valleys of this undulating land-
scape has been demonstrated, which suggests that the changein CO2 storage in the
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canopy air space (S) shows substantial spatial heterogeneity. This undoubtedly af-
fects the interpretation of NEE rates measured on the plateau with a single atmospheric
[CO2] vertical profile measurement system. The diurnal and seasonal variation ofS in
relation to the topography was measured using a set of [CO2] vertical profile measure-
ment systems. In addition, NEE, the above-canopy turbulentexchange of CO2 (Fc)
and key meteorological variables were also measured by micro-meteorological towers
located on the plateau and in the valley.

The nocturnal accumulation of CO2 was larger on the slopes and in the valleys
than on the plateau. Higher accumulation rates were also observed during the dry pe-
riod than during the wet period. In addition, the release of CO2 from storage occurred
later on the slopes and in the valleys than on the plateau. Differences in the atmo-
spheric flow regime above the canopy on the plateau and in the valley, the pattern of
destruction of the nocturnal boundary layer in the valley, lateral drainage of respired
CO2 downslope, and the temporal, spatial and seasonal variability of Rsoil are thought
to have contributed to this. These conditions have causedS to be lower on slopes and
in valleys than on the plateau during mid-morning hours. It is very likely that the in-
terpretation of NEE measured on the plateau or in the valley may be biased by lowerS
in the valley than on the plateau during this period. It was not possible to distinguish
which term of the mass balance equation (eitherFc or S) for the plateau was more
susceptible to the CO2 released from the valley during the period after dawn. We have
demonstrated that the temporal and spatial variability ofS along a gentle slope may
complicate the interpretation of NEE.

As many of the flux measurement towers are set over non-flat terrains, and usu-
ally on the higher locations in the landscape, care must be taken when using the NEE
obtained by the EC technique for determining the carbon balance.
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8.2 Nederlandse samenvatting

Onderstaande is een samenvatting van de studie ”Ruimtelijke variatie van CO2 fluksen
en horizontaal transport in eenterra firme regenwoudgebied in Centraal Amazone”,
uitgevoerd door Alessandro Carioca de Araújo in de periode1999 tot 2009.

De vroegste studies naar de uitwisseling van koolstofdioxide (CO2) tussen het re-
genwoud en de atmosfeer in het Amazone stroomgebied zijn gedaan in de omgeving
van Manaus. Vanaf juli 1999 zijn daar op twee plaatsen in het regenwoud continu
micro-meteorologische metingen verricht naar de uitwisseling van CO2, water, energie
met de atmosfeer. De onderzoekslocaties (C14 en K34) liggen11km uit elkaar in het
Cuieiras Reservaat van het Nationaal Onderzoeksinstituutvoor de Amazone (INPA).
Het landschap in dit centrale deel van het Amazonegebied is een mozaı̈ek van goed-
gedraineerde plateaus, die ingesneden zijn door kreken en rivieren. In de valleien zijn
de bodems slecht afgewaterd. De ruimtelijke variatie in de soortensamenstelling van
het regenwoud weerspiegelt de variaties in topografie, bodem en afwatering. Het dicht
beboste en hogeTerra firmeregenwoud ligt op de goed afgewaterde delen in het land-
schap, waar de bodem kleiig is (op plateaus en hellingen), terwijl het meer open en wat
lagereCampinaranaregenwoud op slechter afgewaterde gebieden met zandige bodems
(op de lagere hellingen en in valleien) groeit.

De twee onderzoekslocaties verschillen in ruimtelijke verdeling van plateaus en
valleien. In een cirkel met een straal van 5km rond de meteorologische masten bestaat
het gebied rond de oostelijke C14 mast voor 63% uit plateaus,terwijl dit voor het
gebied rond de westelijke K34 mast slechts 54% is.

De stralingshoeveelheden en windsnelheden, gemeten bovenin de C14 en K34 mas-
ten, waren vergelijkbaar. In het algemeen zien we dat zowel langgolvige als kortgolvige
straling lager zijn in het natte seizoen dan in het droge seizoen. De energiebalans was
met een sluiting van rond de 80% voor zowel C14 als K34 niet perfect. Er was weinig
verschil in de energiebalans tussen de seizoenen, wat wellicht te wijten was aan re-
latief hoge neerslag tijdens het droge seizoen van 1999. Grotere seizoenale verschillen
in de energiebalans zouden verwacht kunnen worden bij een groter contrast tussen de
seizoenen.

De fluksen van CO2 vertoonden ook weinig seizoenale variatie, met uitzonder-
ing van een iets kortere opname van CO2 gedurende de dag, en een iets lagere res-
piratiefluks in het droge seizoen. Het netto effect is een iets lagere dagelijkse netto
ecosysteemuitwisseling gedurende het droge seizoen. De C14 regenwoud locatie, met
minder vallei in het meetgebied, vertoonde een hogere CO2 opname. Op het eerste
gezicht lijkt het dat de netto ecosysteemuitwisseling onderdrukt wordt tijdens wind-
stille nachten, zoals al eerder waargenomen werd in andere studies. Echter, nadere
bestudering van de dagelijkse gang in de CO2 opslag in de atmosfeer en de netto
ecosysteemuitwisseling toonde aan dat een gedeelte van de waargenomen nachtelijke
tekorten in uitwisseling gecompenseerd werden door laterale instroom van CO2 vanuit
de valleien, of het uitgassen van CO2 uit opslag in de bodem. Dit resulteert in een grote
onzekerheid ten aanzien van de nachtelijke grootte van de netto ecosysteemuitwissel-
ingsfluks. Dit heeft geleid tot hoge onzekerheden in de schattingen van de jaarlijkse
koolstofopname door deze bossen, van 1t −1ha jr−1 tot 8 t ha−1 jr−1 voor K34. De
hoogste schatting ligt zelfs hoger voor C14. Voor ongestoord regenwoud is een jaar-
lijkse opname van 3–4t ha −1jr−1 niet duurzaam. De hoge schattingen verkregen uit
de eddy correlatie techniek geven derhalve aan dat er meer onderzoek nodig is naar de
koolstofbalans van het complexe Amazone regenwoudlandschap.

In dit soort complexe regenwoudlandschappen, waar topografie, bodems, afwa-
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tering, en de soortensamenstelling van het regenwoud een grote ruimtelijke variatie
vertonen, kunnen de CO2 fluksen lokaal verschillen en kan lateraal transport in het
landschap optreden, met name gedurende windstille nachten. Omdat lateraal transport
door een enkel eddy correlatie systeem niet gemeten kan worden, zijn de CO2 en wa-
terdamp fluksmetingen moeilijk te interpreteren. Om deze reden zijn er verschillende
studies opgezet om de invloed van de ruimtelijke variatie opde CO2-fluksen te bepalen
in het K34 meetgebied in het stroomgebied van de Igarapé Asu.

De ruimtelijke en temporele variatie van de CO2 fluksen is bepaald door het meten
van verticale CO2 profielen in, en boven het kronendak op verschillende plaatsen langs
een toposequentie (plateau – helling – vallei transect). Zowel seizoenale als dagelijkse
variaties werden gemeten. De maxima van de atmosferische CO2 concentraties wer-
den gemeten rond zonsopgang, en waren in het algemeen hoger gedurende de droge
tijd. Een sterkere afbraak van de opgebouwde CO2 concentratie gedurende de ochtend
werd in het natte seizoen waargenomen. Deze algemene trend werd op alle meetplaat-
sen langs de toposequentie waargenomen, maar de opbouw van CO2 concentratie was
veel sterker in de laaggelegen delen van het transect dan op het plateau. De CO2 con-
centratie opbouw was afhankelijk van de stabiliteit van de atmosfeer. Met name tijdens
stabiele nachten volgde de opbouw van CO2 concentratie de hoogtelijnen, wat sug-
gereert dat er ’s nachts grote hoeveelheden CO2 opgeslagen werden in de atmosfeer in
de valleien. De afbraak van deze opslag vond pas plaats midden in de ochtend. Een
gedeelte van de afgevoerde CO2 zou met de wind naar de plateaus getransporteerd
kunnen worden, om daar gemeten te worden door de opgestelde meteorologische ap-
paratuur. Deze waarnemingen maken het duidelijk dat voor een goede interpretatie van
gegevens uit een meetopstelling op een plateau in een complex, heterogeen terrein, het
nodig is om een goede indruk te krijgen van de ruimtelijke en temporele variatie in de
CO2 opslag. Informatie over de ruimtelijke variatie van CO2 opslag moet niet alleen
voor de nacht, maar ook voor de ochtend beschikbaar zijn.

De koolstofisotoop van een blad (δ13Cleaf ) is in het algemeen negatiever in slecht
afgewaterde gebieden in de vallei dan in de gebieden met een lagere vochtigheid van
de bodem, of met minder neerslag. In het landschap rond Manaus, in het centrale
gebied van het Amazonebekken, zijn de plateaus goed gedraineerd, en tijdens het
droge seizoen derhalve droger dan de slecht afgewaterde valleien. De nachtelijke ac-
cumulatie van atmosferisch CO2 is hoger in de vallei dan op het plateau in het droge
seizoen. Tevens kost het meer tijd om de CO2 opgeslagen in de vallei uit het ge-
bied te transporteren, dan die op het plateau. Om deze reden daalt de atmosferische
CO2 concentratie in de vallei niet altijd naar hetzelfde niveauals waargenomen op het
plateau gedurende de dag. Monsters van zonbelichte bladeren en lucht werden langs
het eerder genoemde transect genomen om te zien of deδ13Cleaf van deze bladeren,
en de koolstofisotoop van door het ecosysteem gerespireerdeCO2 (δ13CReco) meer
negatief waren in de vallei dan op het plateau. Deze metingenlaten zien datδ13Cleaf in
de vallei significant negatiever was dan op het plateau. Variatie in δ13Cleaf kan wor-
den toegeschreven aan verschillen in de stikstofgehalten in het blad, verschillen in
bladgewicht per eenheid grondoppervlak, bodemvochtverschillen, meer negatieve at-
mosferische koolstof isotopen (δ13Ca) in de vallei gedurende de dag, en isotopendis-
criminatie in het blad zelf (∆leaf ). Het waargenomen patroon vanδ13Cleaf suggereert
dat de watergebruiksefficiëntie (WUE) van hetTerra firmeregenwoud op het plateau
hoger is dan die van hetCampinaranaregenwoud in de vallei. Dit is niet met zekerheid
vast te stellen, daar het niet duidelijk is in welke mate het verschil inδ13Cleaf veroorza-
akt wordt door plantenfysiologische factoren of door verschillen in δ13Catussen het
plateau en de vallei. Deδ13CReco was in sommige nachten negatiever in de vallei dan
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op het plateau, maar dit was niet altijd het geval. Het is waarschijnlijk dat laterale stro-
ming vanδ13C verrijkte CO2 vanaf hoger gelegen delen plaatsvindt tijdens nachten
met een minder stabiele atmosfeer. Biologische factoren zoals bodemrespiratie van
CO2 (Rsoil) en de reactie van planten op omgevingsvariabelen, zoals het dampspan-
ningsverzadigingstekort (D), zouden ook een rol kunnen spelen.

De hierboven beschreven metingen tonen aan dat preferente opslag van CO2 in
de atmosfeer boven de lager gelegen delen in het landschap vaak voorkomt. Tem-
porele veranderingen in CO2 opslag binnen het kronendak (S) zullen derhalve een
grote ruimtelijke variatie vertonen. Dit heeft ongetwijfeld grote gevolgen voor de in-
terpretatie van netto ecosysteem fluksmetingen gedaan met een enkele eddy correlatie
– verticaal CO2 profiel meetopstelling op het plateau. De dagelijkse en seizoenale
variatie inS werd in deze studie gemeten door middel van verticale [CO2] profiel-
metingen in relatie tot de topografie. Tevens werd de netto ecosysteemuitwisseling, de
turbulente uitwisseling van CO2 boven het kronendak (Fc), en belangrijke meteorol-
ogische variabelen gemeten in masten op het plateau en in de vallei. De nachtelijke
accumulatie van CO2 was hoger op de hellingen en in de vallei dan op het plateau,
en was hoger tijdens het droge seizoen dan tijdens het natte seizoen. De verwijder-
ing van deze in en boven het kronendak opgeslagen CO2 gebeurt ook later op de dag
dan op het plateau. De oorzaak hiervan moet gezocht worden ineen combinatie van
factoren,i.e. verschillen in atmosferische stromingspatronen en in de afbraak van de
nachtelijke grenslaag boven de valleien en de plateaus, laterale stroming van door res-
piratie met CO2-verrijkte lucht van het plateau naar lager gelegen delen, en ruimtelijke
en temporele verschillen in de bodemrespiratieRsoil. Deze omstandigheden leiden tot
een lagere opslagS op de hellingen en plateaus, dan in de vallei gedurende de ochtend.
Het is derhalve waarschijnlijk dat de op het plateau gemetennetto ecosysteemuitwissel-
ing van CO2 beı̈nvloed wordt door de lagere opslagS in de vallei dan op het plateau.
Het was met de huidige metingen niet mogelijk te bepalen welke term van de massabal-
ansvergelijking (Fc of S) gevoeliger was voor het verschil in het vrijkomen van CO2 uit
opslag in de vallei en op het plateau in de periode na zonsopgang. We hebben hiermee
wel aangetoond dat de temporele en ruimtelijke variatie vanS langs een glooiende
helling de berekening van de netto ecosysteemuitwisselingvan CO2 aanzienlijk kan
compliceren.

Wereldwijd, en zeker in het Amazonegebied, staan de meeste CO2 fluks meet-
systemen opgesteld in glooiende landschappen, en veelal opde hoger gelegen delen
in het landschap. Vanwege de te verwachten ruimtelijke en temporele variatie in de
nachtelijke CO2 opslag dienen de met de eddy correlatie techniek verkregen netto
ecosysteem uitwisselingsresultaten van deze meetlocaties met de nodige omzichtigheid
benaderd te worden voor de berekening van de koolstofbalansvoor deze gebieden over
langere perioden.
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Ria Neutel, Márcio William) who assisted us during nocturnal sampling campaigns of
CO2 concentration along the topographical gradient.

133



134 CHAPTER 9. ACKNOWLEDGEMENTS

I am also grateful to the micrometeorology team of LBA in Manaus, especially
Hermes Xavier, Julio Tota, Dr. Alexandre Santos (in memoriam), Juliana Souza, José
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nildo Lima, Ruth Araújo, Erika Schloemp, Roberta de Souza,Shirley Pinheiro, Ger-
aldo Nascimento, Amauri Pereira and Julio Souza; Veber de Moura, who assisted us
during nocturnal sampling campaigns in October 2006; Marcelo Moreira and Edmar
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Amaẑonica, 30(2):291–304, 2000.

T. E. Dawson, S. Mambelli, A. H. Plamboeck, P. H. Templer, andK. P. Tu. Stable
isotopes in plant ecology.Annual Review of Ecology and Systematics, 33:507–559,
2002.
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para ciclagem de nitroĝenio. PhD thesis, Centro de Energia Nuclear na Agricultura,
Universidade de São Paulo, Piracicaba, Brazil, 2005. 100 p.

B. W. Nelson, V. Kapos, J. B. Adams, W. J. Oliveira, O. P. G. Braun, and I. L. do
Amaral. Forest disturbance by large blow downs in the Brazilian Amazon.Ecology,
75(3):853–858, 1994.

NOAA/ESRL. Interactive atmospheric data visualization (IADV). National Oceanic
and Atmospheric Administration (NOAA), Climate Monitoring and Diagnostics
Laboratory (CMDL), Carbon Cycle Greenhouse Gases researchgroup (CCGG),
2004. URLhttp://www.cmdl.noaa.gov/ccgg/iadv/.
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List of symbols and
abbreviations

The following list gives a short description of the symbols used throughout this thesis,
together with their units.

Symbol Description and unit

A Available energy for partitioning overH andλE andG [W m−2]
α Albedo for short-wave radiation
α Mean apparent ecosystem quantum yield [µmol CO2 µmol−1 absorbed photons]
α Terrain slope [%]
δ13Ca Mean carbon isotope ratio of atmospheric CO2 [‰]
δ13Cb Carbon isotope ratio of tropospheric background CO2 [‰]
δ13Cleaf Carbon isotope ratio of leaves [‰]
δ13Clitter Carbon isotope ratio of litter [‰]
δ13CReco Carbon isotope ratio of ecosystem respired CO2 [‰]
δ13CRsoil Carbon isotope ratio of soil respired CO2 [‰]
∆leaf Carbon isotope discrimination in leaves
η Hyperbola curvature parameter
λ Latent heat of vapourization of water [J kg−1]
λE Latent heat flux [W m−2]
θ Volumetric soil moisture content [m3 −3m]
c Carbondioxide concentration [CO2] [µmol mol−1]
ca Atmospheric concentration of CO2 [ppm]
cb Tropospheric background concentration of CO2 [ppm]
ci Intercellular concentration of CO2 [ppm]
D Vapour pressure deficit [hPa]
e Water vapour pressure in air [hPa]
es Saturation vapour pressure of air [hPa]
Fc Above-canopy turbulent exchange of CO2 [µmol m−2 s−1]
Fmax Maximum assimilation rate at light saturation [µmol m−2 s−1]
G Flux density of heat into the soil [W m−2]
g Gravitational acceleration [m s−2]
H Sensible heat flux [W m−2]
h Mean vegetation height a.g.l. [m]
hm Maximum measurement height a.g.l. [m]
IVI Importance value index
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k Von Karman’s constant, set to 0.4
L Obukhov length [m]
LAI Leaf area index [m2 leaf surfacem−2 ground surface]
Li Downward longwave radiation flux [W m−2]
Lo Upward longwave radiation flux [W m−2]
Ln Net longwave radiation flux [W m−2]
NEE Carbondioxide net ecosystem exchange [µmol m−2 s−1]
NEP Net ecosystem production [µmol m−2 s−1]
n Sample size
OD Outer diameter
P Rainfall total [mm]
Pa Atmospheric pressure [N m−2]
R Molar gas constant [N m mol−1 K−1]
Reco Ecosystem CO2 respiration rate [µmol m−2 s−1]
RH Relative humidity [%]
Rn Net radiation [W m−2]
Rsoil Soil CO2 respiration rate [µmol m−2 s−1]
r Correlation coefficient
r2 Coefficient of determination
Si Incoming short-wave radiation [W m−2]
So Reflected shortwave radiation [W m−2]
ra Aerodynamic resistance [s m−1]
ρ Density of air [kg m−3]
S CO2 storage in canopy air space [µmol m−2 s−1]
Ta Air temperature [K]
t Time [second, hour, day, year]
U Mean wind speed [m s−1]
u(z) Wind speed at height z above the soil surface [m s−1]
u∗ Friction velocity [m s−1]
WUE Water use efficiency [-]
z Height above the ground surface [m]
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