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Amazon rain forest subcanopy flow and the carbon budget:
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[1] Horizontal and vertical CO, fluxes and gradients were made in an Amazon tropical
rain forest, the Tapajos National Forest Reserve (FLONA-Tapajds: 54°58'W, 2°51'S). Two
observational campaigns in 2003 and 2004 were conducted to describe subcanopy flows,
clarify their relationship to winds above the forest, and estimate how they may
transport CO, horizontally. It is now recognized that subcanopy transport of respired CO,
is missed by budgets that rely only on single point eddy covariance measurements, with
the error being most important under nocturnal calm conditions. We tested the
hypothesis that horizontal mean transport, not previously measured in tropical forests, may
account for the missing CO, in such conditions. A subcanopy network of wind and CO,
sensors was installed. Significant horizontal transport of CO, was observed in the lowest
10 m of the canopy. Results indicate that CO, advection accounted for 73% and 71%,
respectively, of the carbon budget for all calm nights evaluated during dry and wet
periods. We found that horizontal advection is likely important to the canopy CO, budget
even for conditions with the above-canopy friction velocity higher than commonly used

thresholds.
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1. Introduction

[2] In the last decade tower-based eddy-covariance (EC)
observations have been established worldwide to monitor
net ecosystem exchange (NEE) of carbon dioxide [Goulden
et al., 1996; Black et al., 1996, Baldocchi et al., 2001]. This
micrometeorological method is considered the most accu-
rate when applied at nearly flat sites that have long
homogeneous upwind fetches. Its application has spawned
global scale flux-measuring networks [Baldocchi et al.,
1988; Aubinet et al., 2000] whose justification has been to
estimate long-term carbon exchange. Two related issues
complicate this ambition. First, proper estimates of noctur-
nal respiratory fluxes are essential, but weak turbulent
mixing at night is common. This issue of underreporting
of nocturnal CO, fluxes has been addressed using the
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approach advocated by Goulden et al. [1996], formalized
by the FLUXNET committee [Baldocchi et al., 2001]. Data
on very calm nights (often an appreciable fraction of all
nights) is simply discarded and replaced with the result of
an ecosystem respiration rate found on windy nights that are
otherwise similar [Miller et al., 2004; Gu et al., 2005]. A
second issue is that many flux-observing sites lie in com-
plex terrain [Lee, 1998; Paw U et al., 2000; Aubinet et al.,
2003; Feigenwinter et al., 2004; Staebler and Fitzjarrald,
2004, 2005]. On the very calm nights for which flux
underestimates occur, subcanopy drainage flows are most
common [Yoshino, 1984; Sun et al., 2007]. Whether or not
subcanopy drainage flows also advect sufficient CO, later-
ally out of the budget “box” to account for the ‘missing
flux’ on calm nights is site specific, and must be determined
observationally [Lee, 1998; Feigenwinter et al., 2004;
Staebler and Fitzjarrald, 2004; Aubinet et al., 2005].
Previous studies show that, under light wind and very stable
conditions over the canopy, the importance of advection on
the carbon balance can be as large as, or even larger than,
the magnitude of NEE, observed by the EC approach when
there are drainage flows [Staebler, 2003; Staebler and
Fitzjarrald, 2004, 2005; Sun et al., 2007]. To assess the
importance of subcanopy flows one must present a plausible
physical mechanism to account for this underestimation as
past studies asserted [Kruijt et al., 2004; Araujo et al.,
2002]. Even on gentle slopes, it is risky to assume that there
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Site Location in the vegetation cover image and high resolution (30 m grid space) tower-base

local topography as determined by the Shuttle Radar Topography Mission (SRTM). The arrows shows
the modal wind direction at 57.8 m (red, from east) and in the subcanopy (magenta, from southeast).

is no lateral motion or divergence that can advect CO, and
applying the ideal site criteria to more typical situations is
questionable [Baldocchi et al., 2000; Staebler and Fitzjarrald,
2004, 2005].

[3] Most studies of subcanopy advection to date have
been done at midlatitude sites. We are not aware of similar
studies in the tropical rain forest. The forests in the Amazon
region account for 10% of the world’s terrestrial primary
productivity and about the same fraction of carbon stored in
land ecosystems [Malhi et al., 1998]. In the last decade
reports have suggested that this region has such a positive
sink of CO,, which, when scaled for the entire Amazon
region, could account for a significant fraction of the
missing carbon budget. Since results from the Large Scale
Biosphere-Atmosphere experiment in Amazonia (LBA
[Keller et al., 2004]) will likely be used to represent the
Amazon in its entirety in global change models, it is
important to identify systematic observation problems. In
this paper we describe a detailed subcanopy CO, and wind
system sensors deployed for the first time in the Amazon
tropical rain forest combined with EC tower flux and
respiration measurements and analyze the results with the
aim to better understand the local carbon budget. Formally,
we test the hypotheses that EC measurements underestimate

the CO, flux on calm nights because of lateral airflow out of
the control volume at the km67 Santarém LBA site. We
seek to demonstrate that observed subcanopy horizontal
CO, gradients and wind transport processes yield signifi-
cant mean net transport of CO, into or out of the control
volume. Following Staebler and Fitzjarrald [2004, 2005],
we examine the importance of subcanopy advection in the
following steps: (1) We must show that systematic subca-
nopy flows exist and are measurable; and (2) observed
subcanopy flows must be related to a physical driving
mechanism (e.g., drainage forcing) that ensures that they
are sufficiently systematic so that long-term budgets are
affected.

2. Material and Methods
2.1. Site Description

[4] The study site (54°58'W, 2°51'S) is part of the ecolog-
ical component of the Large Scale Biosphere-Atmosphere
experiment in Amazonia (LBA-ECO), which aims to achieve
better understanding of the regional carbon balance. It is
located in the Tapajos National Forest reserve (FLONA
Tapajos), near km 67 of the Santarém-Cuiaba highway
(BR-163). The average temperature, humidity, and rainfall
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Table 1. LBA — Old Growth (KM67) Site Sensors

Level (m) Parameter Instrument
64.1, 52, 38.2, 30.7 Wind speed Cup anemometers
57.8 u' v/ W T,CO,, H,0 CSAT 3D sonic anemometers
LI-7000 CO,/H,0 analyzers
5 UV wT ATI 3D sonic anemometer
1.8 CO,, U, V, T CATI/2 2D sonic anemometers,

LI-7000
LI-7000 CO,/H,0 analyzer

(horizontal array)
62.2,50.1, 39.4, 28.7 CO,, H,0 Profile
19.6, 104, 3.1, 0.9
61.9,49.8, 39.1, 28.4
18.3, 10.1, 2.8, 0.6

Temperature Aspirated thermocouples

are 25.8°C, 85%, and about 1800 mm per year, respectively
[Parotta et al., 1995]. This area contains predominantly
nutrient-poor clay oxisols with some sandy utisols [Silver et
al., 2000], each of which has low organic content and cation
exchange capacity.

[5] Vegetation consists of occasional 55 m height emer-
gent trees with a closed canopy at 40 m and below [Parker
and Fitzjarrald, 2004]. Trees include Manilkara huberi
(Ducke) Chev., Hymenaea courbaril L., Betholletia excelsa
Humb. and Bonpl., and Tachigalia spp species, and epi-
phytes. There is overall an uneven age distribution, but the
forest can be considered to be primary or old growth [Clark,
1996; Goulden et al., 2004].
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[6] Local topographic features include a steep nearby
river escarpment sloping to the Tapajds River to the west,
but with a weak eastward-facing slope into the basin of the
Curua-Una watershed. Except near the escarpment, drainage
flows would be expected to move opposing the easterly
prevailing wind field (red arrow in the Figure 1).

[7] Several studies have demonstrated strong seasonal
variations in solar radiation, net radiation, air temperature,
and vapor pressure deficit, all of which increase substan-
tially with the seasonal decline in precipitation, while
surface litter and soil moistures also decline [da Rocha et
al., 2004].

2.2. Instrumentation and Observation

[8] The field measurements at the old growth forest site at
km67 in the LBA study area included several meteorolog-
ical and EC measurements from 2001 though 2006, focus-
ing on the dynamics of primary forest ecosystems. Several
LBA groups have made observations of meteorological
quantities, such as EC fluxes of H,O, CO,, temperature,
and wind fields. We share data sets obtained by the LBA
Project groups CD03 and CD10 (CD - Carbon Dynamics).

[9] The CDI10 tower systems include EC and meteoro-
logical wind, CO,, temperature and water vapor profiles
collected between 2001 and 2006 (Table 1 and Figure 2).
The instrumentation descriptions and quality control proce-
dures for the basic data sets obtained at the main km67
tower site are given by Saleska et al. [2003] or at the online

2D Sonic
North (Z2m)

RAINO Tower:
Wind, T, and 6
evels H20/CO2

rofile

Figure 2. Main tower and Draino deployed instruments systems.
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Figure 3. The autocorrelation coefficient for total wind speed (left) and CO, concentration (middle) as a
function of distance between sampling points 1.8 m above ground in the subcanopy. (3-min averages data
from “Draino” Phase 1 (DOY 198-238/2003). “C” represents the calibration period. (right) Temporal
autocorrelation. The solid line represents the median, and the thinner lines represent the upper and lower
quartiles. Mean wind speed in the subcanopy was 0.13 m/s.

web page http://www-as.harvard.edu/data/lbadata.html. A
weather station was deployed in Jamaraqua at the base of
the Tapajds escarpment to help in identifying topographical
effects. A high resolution STRM map was made, based on a
90 m grid, interpolated to 30 m, to describe the gentle
topography around the tower site (Figure 1).

[10] Subcanopy network observations are available for
two campaigns in 2003 (Phase 1, DOY 198-238) and 2004/
2005 (Phase 2, DOY 250-366 and 01-32). The subcanopy
data complement observations that were made around the
central 65-m tower. The observation and acquisition ap-
proach was developed at ASRC (Staebler and Fitzjarrald,
2005) and includes a PC operating in Linux, an outboard
Cyclades multiple serial port (CYCLOM-16YeP/DB25)
collecting and merging serial data streams from all instru-
ments in real time, with the data archived into 12-h ASCII
files. Observations include CO,, temperature, H,O and
wind field measurements at 1 Hz (Figure 2). The system
included a LI-7000 Infrared Gas Analyzer (LI-COR inc.,
Lincoln, Nebraska, USA), a multiposition valve (Vici Valco
Instrument Co., Inc.) controlled by a CR23x Micrologger
(Campbell Scientific, Inc., Logan, Utah, USA), which also
monitored flow rates. The instrument network array (Figure 2
and Table 1) consisted of 6 subcanopy sonic anemometers: a
Gill HS (Gill Instruments Ltd., Lymington, UK) 3-component
sonic anemometer at 5 m elevation in the center of the
grid and 5 SPAS/2Y (Applied Technologies Inc., CO, USA)
2-component anemometers (1 sonic at center and 4 sonic
along the periphery), with a resolution of 0.01 m s~'. The
horizontal gradients of CO,/H,O were measured in the
array at 2 m above ground, by sampling sequentially from
4 horizontal points surrounding the main tower location at
distances of 70-80 m, and from points at 6 levels on the

small Draino tower, performing a 3-min cycle. Air was
pumped continuously through 0.9 mm Dekoron tube (Syn-
flex 1300, Saint-Gobain Performance Plastics, Wayne, NJ,
USA) tubes from meshed inlets to a manifold in a central-
ized box. A baseline airflow of 4 LPM from the inlets to a
central manifold was maintained in all lines at all times to
ensure relatively “fresh” air was being sampled. The air
was pumped for 20 s from each inlet, across filters to limit
moisture effects. The delay time for sampling was 5 s, and
the first 10 s of data were discarded. At the manifold, one
line at a time was then sampled using an infrared gas
analyzer (LI-7000, Licor, Inc.). The 6-level CO, profile
on the 5 m tower was determined in a similar, sequential
manner, using a LI-7000 gas analyzer sampling pumped air
from all 10 points (6 vertical, 4 horizontal) in the measure-
ment array. Flow rates at the inlets were checked regularly
to ensure proper flow and to detect potential leaks.

2.3. Preinstallation Intercomparison

[11] Following Staebler and Fitzjarrald [2004] an initial
instrument intercomparison was made to identify the per-
formance of the integrated subcanopy observation system.
The CO, sensor (Licor 7000 sensor) and the sonic ane-
mometers (CATI/2 and SPAS/2Y, Applied Technologies,
Inc. sensors) were co-located on the small tower for a
calibration period (5 d) before being deployed at 1.8 m
above the ground (Figure 2). We anticipated that the
horizontal transport product uc would be near its largest
value at this height, a finding later confirmed at this site (see
Figure 4 below). We had insufficient instrumentation to
construct a network of towers to measure the CO, concen-
tration up to canopy top, and this led us to continue our
earlier practice of asserting a profile similarity hypothesis
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Figure 4. Typical nighttime normalized median profiles of CO,, wind speed and their product (uc)
horizontal transport (left); and the diurnal cycle of the shape factor for horizontal advection (right).

(see next section). Using a single gas analyzer with a
common path multiposition valve for the horizontal and
vertical profiles minimizes the potential for systematic
concentration errors. A field calibration was performed by
co-locating sensors and gas inlets at the same point of
measurement. The comparisons indicate scatter in [CO,]
because samples were sequential, not synchronous. The
mean standard error was <0.05 ppm. The wind comparisons
were made using a 3D sonic as the standard for the 2D sonic
anemometers, resulting in a mean standard error of about
0.005 ms~'. Ambient subcanopy wind speed was on the
order of a few cm s~ ' and can be reliably measured in the
subcanopy space by the system. After intercomparison,
the sonic anemometers and the CO, inlet tubes were moved
from the small tower center point and deployed about 2 m
above ground as indicated in Figure 2.

[12] We examined to what extent the subcanopy sensor
geometry of CO, allows the system to function as a
network, whether the network can be used to capture the
relevant gradients and transport processes in very low wind
conditions [Staebler and Fitzjarrald, 2004]. Figure 3 (left)
shows the 3-min data autocorrelation of CO, and wind
fields determined from continuous measurements. The rele-
vant spatial scale X is approximately 70— 150 m. We assessed
our choice of network size by examining observed spatial
and temporal autocorrelations. The spatial autocorrelation of
horizontal wind speed drops rapidly to 0.2 in 60 m, but
fluctuations in CO, exhibit a larger integral scale 100—
200 m while the temporal integral is approximately 100—
300 s (Figure 3, right). This is consistent with results

obtained by Staebler and Fitzjarrald [2004] in a very
different forest, except that the characteristic horizontal
CO, scale is larger than that at Harvard Forest, consistent
with the thicker canopy at the Tapajos National Forest. We
do not understand why the spatial correlations do not
decrease with increasing distance, as was observed in
Staebler and Fitzjarrald [2004]. This could be a conse-
quence of the temporal scale variations being larger than are
the spatial ones.

2.4. CO, Conservation Equations

[13] The net ecosystem exchange (NEE) for a horizontal
plane at height 4, which represents the exchange rate
between forest and atmosphere, is given by,

h
NEE;, = Fy + / sdz,
0

(1)

where F) is the soil flux entering (or leaving) the control
volume at the bottom and the 5 integral describes the sum of
all sources and sinks in the canopy space. The Reynolds

average conservation equation of a scalar “c,” ignoring
molecular diffusion process, can be expressed by,
o de O Ouid
E e te =5, 2
o o o Ty @)

with #; = (u,v,w). Considering using equations (1) and (2),
and considering incompressibility, after integrating verti-
cally, it can be written in the form,

h h
[er]
5) 6)

ou'd

e
—d
0z -t

h

% dz + (W)h: /§dz,
0
8]

[ 7]
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Figure 5. Nighttime composite of averaged subcanopy CO, concentration field and wind vectors for
Phase 1 and Phase 2 campaigns. The units are in ppmand m's ', respectively. (Largestarrow is 0.15ms ')

where u, v, and w, are wind components and “c” a scalar,
such as CO,. The term [4] is the vertical advection term and
term [8] the sum of all sinks and sources between z = () and
z = h, including everything crossing the lower boundary at
z=0.

[14] In the case of horizontal homogeneity, terms [1],
storage in the canopy space, and [7], vertical eddy flux at
z = h (57.8 m for the site studied), are obtained from
standard EC and profile sensors at the flux site. Terms [5]
and [6] are the horizontal turbulent flux divergence and
negligible when compared with other terms [Yi et al., 2000;
Turnipseed et al., 2003]. The terms [2], [3] and [4] respec-
tively are horizontal and vertical advection.

[15] The vertical mean advection was integrated using the
method of Lee [1998]:

where wy, and ¢(h) are the residual vertical velocity and the
mean concentration at the top of the layer (57 m),
respectively [see Staebler and Fitzjarrald, 2004]. Staebler
and Fitzjarrald [2004] argued that Lee’s approach is an
overestimate, noting that the assumption of a linear increase
of wj;, with height is often violated. Comparisons of the
divergence measurements at 1.8 m height with measured
vertical velocities at 46 m and 57.8 m were made for a few
days of wind data and the results show no correlation
indicating that Lee’s approach is also violated for the site
studied here. However, Lee’s formulation will be used to
provide an upper estimate of the vertical advection term in
order to compare its potential significance relative to the
other terms. The calculation of mean vertical advection

was made only during phase 2 (DOY 250-366/2004 and
01-32/2005) when sufficient data for the calculation was
available. We recognize that obtaining credible mean
vertical velocity from sonic anemometers is still a challenge
[e.g., Vickers and Mahrt, 2006]. However, the difficulties in
assessing one term in the continuity equation should not
preclude efforts to obtain the others.

2.5. Vertical Integration of the Horizontal Advection
Terms

[16] To perform a complete three-dimensional forest CO,
box budget it is necessary to obtain vertical profiles of the
horizontal gradient measurements for the entire control
volume, and this is generally not feasible. We lacked
resources to install a network of towers to measure the
CO, profile at a number of locations in the canopy. Noting,
as in Staebler and Fitzjarrald [2004], that the product uc is
largest near the forest floor, we relied on subcanopy
measurements made 1.8 m above the ground. To compen-
sate for the missing network of vertical profiles, we ap-
proximate the vertical integration through the canopy of the
horizontal advective terms [2] and [3] following methods
developed by Staebler and Fitzjarrald [2004]. One
hypothesizes spatial similarity between vertical CO, and
wind profiles and their product (the horizontal transport) uc,
where u is the average wind and c¢ the average CO,
concentration. In this assumption, the shapes of the profiles
throughout the canopy space are considered similar to the
central point where the profiles are measured (Figure 2).
Figure 4 presents a typical feature of the shape factor
profiles of CO, concentration, wind and horizontal trans-
port. The horizontal subcanopy measurement height (1.8 m)
is a height where the advection term is expected to be
significant, providing confidence for single level height
measurements to determine the integrated layer advection.
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Figure 6. Vertical profiles of concentration of CO,, wind speed, temperature, and water vapor, for both

phases (dry and wet).

[17] The procedure of integrating vertically is formalized
through,

c*(x,z) :f(Z)C*(xvzl)> (5)
where f(z) is the (assumed constant) shape of the CO,
profile relative to height z; = 1.8m (horizontal plane). The
difference between the actual CO, concentration and
nocturnal CO, concentration above the canopy (baseline
value) is defined as c*(z) = ¢(z) — ¢y. The ¢* was used instead
of ¢ because there is a practical lowest limit of CO, = ¢,
indicative of the atmospheric base state, since it has no effect
on the budget. Then, the vertical integration gives:

h h
Oc*(x,z) , Oc*(x,z1) _Oc*(x,z1)
/ g dz = g /f(z)dz = hS., (6)
0 0

where S. is the shape factor for the CO, concentration
profile. Applying the same procedure to describe the wind
speed profile yields the advection estimates:

/ R /h g@utn 20 e
0 0
= (st 25520 / FeI8()e
0
- <“("’21)6c*(?21)) (hS), (7)

where S is the shape factor for horizontal advection of CO,.
The nocturnal time shape factor values for both studied
periods averaged 0.28, while the daytime value was typically
0.14 (Figure 4). This is consistent with results obtained by
Staebler and Fitzjarrald [2004], possibly due to similar
shape factors for CO, and wind speed profiles at both sites.

3. Results and Discussion
3.1. CO, Concentration Field

[18] The average composite of horizontal concentration of
CO, measured at 2-m height in nocturnal conditions for
Phase 1 and Phase 2 (Figure 5) shows that the horizontal
CO, field varied significantly at night during both observa-
tion phases. During Phase 1, the CO, concentrations at night
were higher than during Phase 2. This may be associated
with vegetation response to drier, cooler conditions and
lighter wind during this phase, according to Figure 6. The
typical values of average horizontal CO, gradients were
about —0.026 (%, cast-west) and 0.023 (g—;, north-south)
ppm m~' for all nights considered (7390 and 18366 average
3-min data values, Phase 1 and Phase 2, respectively). These
results are comparable to the range of horizontal CO,
gradients that have been reported in the literature, 0.025
to 0.079 ppm m ™' [Feigenwinter et al., 2004; Staebler and
Fitzjarrald, 2004; Aubinet et al., 2005]. One expects CO,
concentrations and gradients near the ground to be site-
specific under calm night wind speed conditions, due to
varying soil respiration rates that depend on soil and litter
layer composition, temperature and moisture.

[19] Vertical profiles of temperature, water vapor concen-
tration, CO, concentration and wind speed characterize the
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Figure 7. Frequency distribution histogram of friction velocity (u+) at 57.8 m, for Phase 1 and Phase 2

measurements, separate day and night periods.

microclimate observed during each phase (Figure 6). The
drier Phase 1 presents daytime and night patterns that
contrast with the wetter Phase 2 conditions. The wind speed
profile had a similar shape during both phases, but above
the canopy the magnitude of wind speed was greater in
Phase 2 compared with Phase 1 period. This suggests a
reduction on turbulence level or vertical mixing during the
nighttime, as shown in Figure 7. The temperature profiles
show the same pattern for the two phases, however, the dry
phase was about 2°C warmer. During the daytime, for both
dry and wet periods, a maximum air temperature was
observed at 30 m associate with the absorption of sunlight
by vegetation, generating a light unstable condition between
30 and 50 m, and stable condition below 30 m. During the
nighttime the net loss of thermal radiation cooled the
vegetation relative to the air adjacent, generating local
stability and affecting above-canopy momentum transport.
However, from the observed temperature profiles, in the
layer below 20 m, trunk space layer, just below the upper
canopy; the subcanopy temperature profile was dry and cold
relative to the underlying air (=—0.25°C m~"). This com-
bination of the cooling above 20 m and warming below
generates instability associated with negative buoyancy [see
also Fitzjarrald et al., 1990; Fitzjarrald and Moore, 1990].
This process may be contributing or creating horizontal
flow gravitationally such as suggested by Lee [1998].
Similar temperature profiles were reported by Goulden et
al. [2006] for km83 LBA site 16 km away to the south. As
expected, the vertical concentration of CO, reflects both
atmospheric transport and forest physiological processes, in
which during the daytime photosynthesis removes CO,
from the air depleting concentration levels, and during the
nighttime the concentration builds up due to respiration, the
reduction of turbulence, and absence of photosynthesis.

[20] The frequency distribution of the friction velocity
above the canopy for the both dry (Phase 1) and wet (Phase 2)
periods (Figure 7) shows very small values at nighttime.
Nocturnal values of friction velocity smaller than 0.2 ms™'
accounted for more than 85% and 65% for dry and wet
periods, respectively. Therefore, we define deficit nights,
using the procedure outlined by Staebler and Fitzjarrald
[2004], when NEE (CO, eddy flux plus storage term) was
less than total ecosystem respiration (see Saleska et al.
[2003] and Hutyra et al. [2007] for details of these data
sets). About 130 selected nights in each period, Phase 1 and
Phase 2 match these criteria and were considered calm
nighttime conditions.

[21] Recently, Saleska et al. [2003] and Miller et al.
[2004] have used a cutoff value of 0.3 ms™' for u«
correction to NEE estimates for the site studied. As show
in Figure 7, much of the observed data must be discarded
using this criterion, possibly altering the results. As reported
by Miller et al. [2004], the tropical forest in Amazonia
becomes a source than sink of atmospheric CO, depending
of the cutoff value u+ used.

3.2. Subcanopy Horizontal Wind Field

[22] To calculate horizontal advection (terms [3] and [4]
in equation (3)), we estimated the horizontal wind field on
the subcanopy space using the measurement subcanopy
network described above. Though the site was considered
flat in earlier reports [Saleska et al., 2003; Miller et al.,
2004], a high resolution image shows that the forest floor
gently slopes in a west-northwest direction from the main
tower, according to Figure 2. Goulden et al. [2006] inferred
the presence of drainage flows toward the SE at the km83
site to the south of the present study site, but they did not
demonstrate subcanopy motion forced by density anoma-
lies. Figure 8 shows statistics of the subcanopy wind field at
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night. There is a persistent wind direction that follows the
local topographic gradient (see also Figure 1). These noc-
turnal horizontal wind directions are in accord with noctur-
nal wind directions observed at the Jamaraqua station
(Figure 1) close to the river Tapajos [Fitzjarrald et al.,
2004]. The statistics indicate that the nocturnal horizontal
wind magnitude, varies among the subcanopy measurement
points, probably due to the large heterogeneity of vegetation
structure obstructions [see also Staebler and Fitzjarrald,
2004]. The average magnitude of the horizontal wind field
in the subcanopy varied from 0.1 to 0.45 m s '. The
observed subcanopy wind direction was prevailing from
the southeast, with an interesting shift compared to the top
of the main tower (57.8 m) wind direction, indicating a
clearly uncoupled situation. Apparently, it seems that the
subcanopy flow responds primarily to the local terrain
gradients. Goulden et al. [2006] have reported a similar
shift of the wind direction following the terrain gradient,
even at 20 m when compared against the 64 m wind
direction (see Figure 6, p. Eight therein). Sun et al. [2007]
have also indicated that this shift happens at large spatial
scales using short-term data sets.

3.3. Subcanopy Flow Forcing Terms

[23] We follow the analysis presented by Staebler and
Fitzjarrald [2004]. Subcanopy flows are generated by the
balance of three driving forces; the pressure gradient per-
turbations, the buoyancy and the stress divergence, accord-
ing to the momentum equation. The momentum equation is
given by,

%+u@+
ot Ox

Ou

WE—

10p

p Ox

0, 0n or

89, ox 0z

where p is the density, p’ the pressure perturbation, 6, the
virtual temperature, ¢, the local departure of @ ,, from the
mean, 3—? the topographic slope, and 7 is the vertical stress,
and drag effects are ignored We do not believe that the terrain
at the site studied is not so steep as to produce pressure
perturbations strong enough to affect subcanopy flow locally,
and it is ignored in the subsequent analysis. Thereby, the

relative importance of buoyancy (b4, = ‘ g%%‘) and stress
divergence (¢, = ‘g—;‘) terms will be considered. Observed
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fractions of the buoyancy term (beerm/(Deerm T tierm) and stress
divergence term (tierm/(trerm + bierm) (Figure 9) indicate that
the buoyancy term was more important during the nighttime
than was the stress divergence term. The stress divergence
term was more significant during the daytime associated
with a higher degree of turbulent mixing as expected.

[24] Flows generated by the buoyancy term force the flow
down the dominant terrain slope. Nocturnal wind directions
were predominantly from the southeast toward northwest, as
would be expected given the local topographic gradient
(Figure 1). Our observations strongly indicate that the
negative buoyancy term is the physical mechanism that
explains the nocturnal drainage flow at this relatively flat
study site.

3.4. Estimates of Advection Terms

[25] The horizontal advection terms ([2] and [3] in
equation (3)) were estimated using subcanopy wind speed
components and CO, observation data sets from Phase 1
and Phase 2 (14350 and 36459 3-min valid observations,
respectively). The horizontal CO, gradients were calculated

using a linear least squares planar fit (Figure 5). (Note that
the interpolated fields shown in Figure 5 were not used in
the calculation.)

[26] The hourly time series of average measurement flux
terms for the CO, budget (Figures 10a and 10b) illustrate
that the advective terms and eddy flux are of comparable
magnitude, in accordance with recent published results at
other sites [Staebler and Fitzjarrald, 2004; Aubinet et al.,
2005; Marcolla et al., 2005; Sun et al., 2007; Feigenwinter
et al., 2008]. Although the advective terms exhibit large
scatter, their magnitude is comparable to the other flux
terms. When averaged over all periods (for wet and dry
phases) we obtained values significantly different from zero.
For both phases (dry and wet) at the site studied, indicate a
positive contribution to the total flux (i.e., transporting CO,
out of the control volume around the tower).

[27] The average diurnal cycle of the flux terms for both
dry (Phase 1) and wet (Phase 2) periods (Figures 11a and
11b show the expected diurnal eddy flux pattern, negative
during the day and positive at night. The vertical advection
term plays no important contribution on average, but has a
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Figure 12a. Mean nocturnal variation of the NEE (eddy
covariance flux plus storage), ecosystem respiration,
horizontal advection and NEE plus advection, for Phase 1

(dry period).

positive sign, since the mean vertical velocity and vertical
CO, gradients were negative. The observed storage term is
positive during the night, corresponding to CO, buildup in
the canopy during stable conditions, and negative in the
morning, owing to the release of the accumulated CO, due
to mixing and onset of photosynthesis.

[28] A notable feature in Figures 11a and 11b is that CO,
storage during the second part of the night (between 01—
06 LT) was 2 to 3 times smaller than the CO, storage in first
part (between 17-22 LT). This variability might be
explained partially by differing CO, respiration source
intensity from soil, canopy air space stability and canopy
structure, but also could have resulted from the drainage
flows. Similar patterns were observed by Yang et al. [1999]
in a Boreal Aspen Forest (USA), see Figure 3 therein.
Aubinet et al. [2005] made this hypothesis, but did not
demonstrate it observationally. It appears that between 1 and
6 LT our observations are consistent with significant posi-
tive horizontal advection, transport out of the control
volume. The 17-22 LT observations also show positive
horizontal advection. However, the high ecosystem respira-
tion rate maintains a large storage term, and this partially
offsets this horizontal advection in the CO, budget.

3.5. CO, Budget

[29] To determine the relative contribution of the nocturnal
advection terms to the CO, budget, we compare the mean
nocturnal variation of NEE (eddy flux + storage) with and
without considering the observed advection terms and eco-
system respiration during dry (Phase 1) and wet (Phase 2)
periods of observation (Figures 12a and 12b). The ecosystem
respiration, EC flux, and storage were measured by the
CD-10 group [Saleska et al., 2003; Hutyra et al., 2007].
Results show that the differences between NEE and
ecosystem respiration are improved when the advection
term is accounted for (Table 2 and Figures 12a and 12b).
The advection term accounts for 1.27 ymol m—2 s~ and
0.91 gmol m—2 s~ ', for Phase 1 and Phase 2 respectively,

6 18 19 20 21 22 23 24
hr (local time )

ta
i
&
L

Figure 12b. Same Figure 12a, for Phase 2 (wet period).

representing 71% and 73% of the observational ‘deficit’
between ecosystem respiration and NEE.

3.6. Correlation Between Advection Components and
Friction Velocity

[30] For the site studied here, the threshold value for
friction velocity [e.g., Falge et al., 2001; Gu et al., 2005]
was reported by Saleska et al. [2003] and Miller et al.
[2004] to be between 0.2 and 0.3 m s~ . Is the assumption
that advection is only significant below this threshold valid?
Our results show a clear dependence of the advection term
on friction velocity for both observation periods (Figure 13).
There is a significant positive advection contribution to the
CO, budget that should be included in the NEE calculation,
even when the friction velocity is higher than the threshold
values commonly used. Our results in the Tapajdés forest
indicate that this interval lies between 0.3 and 0.6 m s~ .

4. Summary and Conclusions

[31] We present results of the first effort to determine
observationally the importance of the nocturnal advection
processes on the CO, budget in the Amazon tropical rain
forest. We tested the hypothesis that persistent nocturnal
subcanopy horizontal advection exists and transports an
important amount of CO, out of the control volume at
one old-growth tropical rain forest site. We determined the
magnitude of the horizontal subcanopy gradients of CO,
and of the wind field and found sufficient net horizontal
advection to affect the CO, budget.

Table 2. Summary of Mean Nocturnal CO, Budget for Phase 1
and Phase 2

Flux Components (zzmol m 2 s~ ") Phase 1 Phase 2
NEE 5.71 5.58
Respiration 7.45 6.87
Deficit 1.74 1.29
Advection 1.27 0.91
NEE + Advection 6.98 6.49
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[32] The methodology established by Staebler and
Fitzjarrald, 2004, 2005] was applied and tested to
measure the subcanopy scalar gradients and wind field.
These data were complemented by eddy flux and mean
profile observations made at the same site on a 65-m tower
(section 2). The measurements were performed in the dry
season (DOY 198-238 2003 - Phase 1) and in the wet
season (DOY 278-366 2004 and 1-32 2005 - Phase 2).
The horizontal gradient of the CO, concentration and
average wind speed, were on the order of 0.02 ppm m~'
and 0.12 m s~ ', respectively (section 3.1).

[33] Prevailing subcanopy wind directions were from the
southeast and were well correlated with gentle undulations
of the landscape near the tower. The tropical forest sub-
canopy near the forest floor was stable at all times of day,
but it was more pronounced during all 130 selected nights
analyzed (section 3.2). That there was little coupling with
the flow aloft indicates that there is potential for lateral
export of subcanopy CO, even during the daytime, when
this effect is often ignored. The negative buoyancy term was
the principal physical mechanism responsible for generating
the nocturnal subcanopy flow. During the daytime the stress
divergence term was dominant, suppressing the dominance
of the buoyancy effect (section 3.3).

[34] The results from direct measurements of the hori-
zontal gradients of CO, and wind speed components mea-
sured in the subcanopy indicated that its magnitudes were
sufficiently significant to produce a net nocturnal horizontal
advection average between 0.91 and 1.27 gmol m 2 s~ for
dry and wet observation periods, respectively. Nocturnal
horizontal advection was of the same order as the vertical
EC and storage flux components. Depletion of the storage
component was due in large part to net positive horizontal
advection, primarily during the second part of the night
(01-06 LT; section 3.4).

[35] Comparison of the nocturnal deficit from ecosystem
respiration and NEE measured on the eddy flux tower
demonstrated the important contribution of the mean noc-
turnal horizontal advection on the atmospheric CO, budget.
The mean nocturnal advection component represented 73%
and 71% of this deficit for dry and wet periods analyzed
(130 nights), respectively.

[36] This suggests an important role of the nocturnal
advection for the total CO, budget at this site. It was also
verified that for nighttime intervals, with friction velocity
between 0.3 and 0.6 m s~' (commonly accepted as suffi-
cient to provide correct nighttime eddy fluxes), there was a
positive net horizontal transport of CO, by the advection
component. Therefore, even under considerable high turbu-
lence levels at night, horizontal advection transport in the
total CO, budget is significant.

[37] These results confirm that few sites are flat enough
that horizontal advective effects can be ignored a priori. In
future work the validity of the CO, profile similarity
hypothesis we invoked to introduce shape factors in (4)
should be linked explicitly to the observed mean vegetation
profile. Observational estimates of the effect of mean
vertical velocity on scalar budgets may be the major source
of uncertainty in the budget. Continuous, long-term obser-
vations with redundant instrumentation are needed to clarify
this issue.
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