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[1] The Amazon Basin is crucial to global circulatory and carbon patterns due to the large

areal extent and large flux magnitude. Biogeophysical models have had difficulty
reproducing the annual cycle of net ecosystem exchange (NEE) of carbon in some regions
of the Amazon, generally simulating uptake during the wet season and efflux during
seasonal drought. In reality, the opposite occurs. Observational and modeling studies have
identified several mechanisms that explain the observed annual cycle, including: (1) deep
soil columns that can store large water amount, (2) the ability of deep roots to access
moisture at depth when near-surface soil dries during annual drought, (3) movement of
water in the soil via hydraulic redistribution, allowing for more efficient uptake of water
during the wet season, and moistening of near-surface soil during the annual drought,
and (4) photosynthetic response to elevated light levels as cloudiness decreases during
the dry season. We incorporate these mechanisms into the third version of the Simple
Biosphere model (SiB3) both singly and collectively, and confront the results with
observations. For the forest to maintain function through seasonal drought, there must be
sufficient water storage in the soil to sustain transpiration through the dry season in
addition to the ability of the roots to access the stored water. We find that individually,
none of these mechanisms by themselves produces a simulation of the annual cycle of
NEE that matches the observed. When these mechanisms are combined into the model,
NEE follows the general trend of the observations, showing efflux during the wet season
and uptake during seasonal drought.
Citation: Baker, I. T., L. Prihodko, A. S. Denning, M. Goulden, S. Miller, and H. R. da Rocha (2008), Seasonal drought stress in the
Amazon: Reconciling models and observations, J. Geophys. Res., 113, G00B01, doi:10.1029/2007JG000644.

1. Introduction
[2] Changes in the biophysical state of the Amazon rain
forest exert a strong influence on global climate through
associated changes in carbon and hydrological cycles
[Avissar and Werth, 2004; Zeng et al., 2005; Marengo
and Nobre, 2001; Kleidon and Heimann, 1999]. Perturbations to these cycles, for example from drought, deforestation, and ENSO events, have a strong influence because of
the sheer geographical size of the region (5.8 ! 106 km2
[Salati and Vose, 1984]), the role it plays in regional
meteorology [Nobre et al., 1991] and the magnitude of
the carbon stored there [Houghton et al., 2001]. Inversion
studies have shown Tropical America to be a small source
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of CO2 to the atmosphere [Gurney et al., 2002; Stephens et
al., 2007], although the interannual variability is large
[Bousquet et al., 2000]. However, there is much we still
don’t understand about carbon and hydrological cycles in
the Amazon, and this ambiguity leads to uncertainty in
projections of future climate change [Magrin et al., 2007;
Cox et al., 2000; Friedlingstein et al., 2001].
[3] Observational campaigns and concerted modeling
efforts assist in quantifying impacts of the Amazon Rain
forest on regional and global carbon and water cycles
[Andreae et al., 2002; Avissar et al., 2002; Keller et al.,
2004]. However, results are not always in agreement [i.e.,
Huete et al., 2006; Lee et al., 2005; Ichii et al., 2007]. To
accurately characterize the carbon dynamics across vegetation and moisture gradients in Amazonia will require
cooperation between observational and modeling studies
to achieve understanding of the biophysics that force fluxes
in the region.
[4] The driving climatic forcing in the region is precipitation amount and temporal distribution. Total annual
precipitation and the length of dry season, usually defined
as number of months with less than 100 mm precipitation,
play a large role in vegetation distribution and fluxes of
energy, water and carbon [Keller et al., 2004; Goulden et al.,
2004; Saleska et al., 2003; Ichii et al., 2007]. The seasonality
of surface-atmosphere fluxes are further controlled by
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Figure 1. Average monthly net ecosystem exchange (NEE) of carbon in g m2 at Tapajos National Forest
km83 site, years 2001 –2003. Observed flux is shown as solid line; SiB3 simulation is shown as dashed
line. Mean monthly precipitation in cm is shown below for reference. Positive values indicate efflux into
the atmosphere, and negative values indicate uptake by the biosphere.
topography, vegetation type, root depth, depth of soil and
soil type. The carbon dynamics in the region are a function
of carbon uptake by photosynthesis and release by respiration, with additional components of storage in soil and
biomass and carbon export via runoff. Amazonia contains
between 10 and 15% of the total global biomass [Houghton
et al., 2000]. A large fraction of the region consists of
closed-canopy broadleaf evergreen forest, gradating to
savanna (cerrado) in regions with less precipitation,
although the cerrado is generally outside of the hydrogeographic basin of the Amazon River.
[5] The interaction between the wet/dry seasons and the
annual cycle of CO2 uptake/efflux is not consistent across
the Amazon Basin; Keller et al. [2004] report observations
of carbon uptake during the wet season at locations in Jaru
Reserve and Fazenda Maracai, while several sites in the
Tapajos National Forest report uptake during the dry season
[Saleska et al., 2003; Goulden et al., 2004].
[6] Saleska et al. [2003] have shown that multiple ecosystem models are almost exactly out-of-phase with the
observed annual NEE cycle in the seasonally dry Tapajos
region. For example, Figure 1 shows observed and modeled
average annual cycle of NEE for the years 2001 – 2003
using the Simple Biosphere model, version 3 (SiB3) [Sellers
et al., 1986, 1996a; Baker et al., 2007]. Comparing our
Figure 1 to Figure 3 of Saleska et al. [2003], the results are
similar; SiB3 simulates CO2 uptake during the wet season,
and efflux during seasonal drought, as the model vegetation
experiences stress due to declining soil moisture. The
observations show exactly the opposite: efflux during the
wet season, and uptake of carbon during the relative dry
period of August –December. In SiB3, soil moisture and the
ability of the roots to access water in the soil are the driving
mechanisms that determine the annual cycle of NEE. When
the soil is moist, carbon uptake is unstressed, and as the
model soil desiccates in the dry season, the photosynthetic
uptake is restricted. Model respiration is reasonably constant throughout the year, with the result that as photosynthesis wanes during the dry season, a net efflux of carbon to
the atmosphere is produced. By identifying the mechanisms
that operate in the real world and modifying model physics

to incorporate them, we have an opportunity to improve
model simulations and deepen our understanding of the
system.
[7] What responses has the local vegetation evolved to
cope with seasonal drought? Up to half of the closed canopy
forest in Brazilian Amazonia is able to access water in the
soil at depths of 15 m or more, with roots that extend deep
into the soil [Nepstad et al., 1994; Jipp et al., 1998]. Using a
water-balance approach, Nepstad et al. [1994] estimated
that greater than 75% of the water extracted from the soil
during the 1992 dry season at a forest in the Brazilian state
of Para came from a depth greater than 2 m. Roots were
most abundant near the surface, but up to 10% of the total
rooting mass was at depths between 4 and 10 m. Kleidon
and Heimann [1999] found that the inclusion of deep roots
in climate models resulted in a better representation of
seasonal air temperature. Ichii et al. [2007] found that
rooting depth was critical for reconciling modeled Gross
Primary Productivity (GPP) with satellite observations.
Roots can act as conduits to move water within the soil as
well: Oliveira et al. [2005] found that roots in three species
of trees in the Tapajos National Forest had the ability to
move water both upward and downward in the soil in
response to moisture potential gradients. Briefly, when
stomates are closed at night moisture can move through
roots from moist regions of soil to areas of large saturation
deficit. This is referred to as hydraulic redistribution (HR).
During the dry season, near-surface soil layers are recharged
with moisture from the deep soil, and during the wet season
roots can supplement infiltration to make deep soil recharge
more efficient. da Rocha et al. [2004] observed apparent
recharge of surface soil layers at the KM83 site in the
Tapajos region either through HR or the capillary action of
the soil (observed at other Amazonian sites [Romero-Saltos
et al., 2005]). Lee et al. [2005] incorporated the HR
mechanism into the Community Land Model (CLM) coupled to the Community Atmosphere Model, Version 2
(CAM2) and found that HR elevated soil moisture at all
levels of the soil when compared to a control run. The
control run had less photosynthesis than the HR simulation
in all months, however the HR run still had 50% less
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photosynthesis during the dry season when compared to the
wet season.
[8] Studies using satellite-based observations of forest
greenness have postulated that there is actually an increase
in photosynthesis during the dry season, as forests respond
to higher light levels in the absence of cloudiness. Using
Enhanced Vegetation Index (EVI) data from the Moderate
Resolution Imaging Spectroradiometer (MODIS), Huete et
al. [2006] noted a 25% green-up across large portions of
Amazon forest during the dry season. This result suggests
that light response may play as large or larger role than
phenology or rainfall variability in determining annual cycle
of carbon flux. In grasslands, EVI was found to decrease
during the dry season [Huete et al., 2006; Saleska et al.,
2007] in contrast to the increase found in forests; this
suggests that rooting depth or hydraulic redistribution
associated with deep roots plays a significant role in the
dry season green up, as grasses do not have the deep root
density found in forests. The conceptual model that
emerges, then, is one where soil depth and the ability of
roots to utilize stored water is crucial to the ability of the
forest to maintain function through annual drought that may
last 6 months or more. The deep soil provides a reservoir to
store rainfall from the wet season for use during the dry
months of the year. Hydraulic redistribution by roots can
enhance the ability of the soil to recharge moisture via
infiltration, and can moisten near-surface layers by moving
water upward against gravity during the dry season. The soil
hydraulics and root function provide a framework where
photosynthesis does not experience large-scale annual
stress, and more subtle mechanisms of photosynthetic
response to light and of respiration response to slight
changes in soil and litter moisture levels interact to provide
the observed annual cycle of NEE.
[9] This study focused on the CO2 flux at the km83 tower
in the Tapajos National Forest [Goulden et al., 2004; Miller
et al., 2004]. We simulated 3 years of fluxes between the
atmosphere and terrestrial biosphere (emphasizing net ecosystem exchange of Carbon, or NEE) using the simple
biosphere model (SiB3) [Sellers et al., 1986, 1996a; Baker
et al., 2003] and then, by identifying possible mechanisms
not present in the model, we modify the model code and
rerun the simulations, resulting in model carbon flux that is
more realistic when compared to the observed flux. By
confronting model simulations with observations, we can
identify mechanisms that are incorrectly treated, and by
noting the changes in model flux with inclusion of new
mechanisms or modification of existing ones, we can make
inferences about biophysical behavior in this region.

2. Methods
2.1. Site Description
[10] The Tapajos National Forest km83 site is described
in detail elsewhere [Goulden et al., 2004; da Rocha et al.,
2004; Miller et al., 2004]; however, a brief description is
given here to provide details specific to this paper. The
vegetation is closed canopy, mostly evergreen, with a few
deciduous species. The tower is located in a region of
minimal topographic relief; within several kilometers, elevation change is on the order of 10 m. The region was
selectively logged in September 2001. However, the amount
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of total biomass removed was small (5%), and seasonal
cycles of carbon flux as measured by the tower were not
altered. Soil texture and carbon content varies across the site
and are described in detail by Silver et al. [2000]. For the
years 2001 – 2003, the average precipitation was 1658 mm,
with a maximum of 1764 mm in 2003, and a minimum of
1559 mm in 2002. The dry season extended approximately
from July through December, although there were individual months in this period with precipitation slightly in
excess of 100 mm (December 2002, September 2003,
November –December 2003) and over 200 mm of rain in
November 2002. The precipitation recorded by the gauges
for 2001–2003 is approximately 15% lower than what is
reported in the region by the Global Precipitation Climatology
Product (GPCP) [Adler et al., 2003]. However, we believe
that there is not a seasonal bias, and so have chosen not to
artificially manipulate the precipitation data.
2.2. Model Description
[11] The Simple Biosphere model (SiB) is a land-surface
parameterization scheme originally used to simulate biophysical processes in climate models [Sellers et al., 1986],
but later adapted to include ecosystem metabolism [Sellers
et al., 1996a; Denning et al., 1996]. SiB is a model that is
useful to meteorologists for its ability to simulate exchanges
of mass, energy and momentum between the atmosphere
and terrestrial biosphere, and useful to ecologists for its
ability to do so in a process-based framework that allows for
simulation of explicit biophysical mechanisms. The parameterization of photosynthetic carbon assimilation is based on
enzyme kinetics originally developed by Farquhar et al.
[1980], and is linked to stomatal conductance and thence to
the surface energy budget and atmospheric climate [Collatz
et al., 1991, 1992; Sellers et al., 1996a; Randall et al.,
1996]. The soil representation is similar to that of CLM
[Dai et al. 2003], with 10 soil layers and an initial soil
column depth of 3.5 m. SiB has been updated to include
prognostic calculation of temperature, moisture, and trace
gases in the canopy air space, and the model has been
evaluated against eddy covariance measurements at a number of sites [Baker et al., 2003; Hanan et al., 2005; Vidale
and Stöckli, 2005]. We refer to this base version of the code
as SiB3.
[12] We used half-hourly, gap-filled observations of air
temperature, pressure, humidity, wind speed, radiation and
precipitation from the km83 site [Miller et al., 2004; da
Rocha et al., 2004; Goulden et al., 2004] to drive the model
for the years 2001 through 2003. Model parameters are
determined using a combination of satellite data, literature
values and standard SiB parameters [Sellers et al., 1996b].
The annual cycle of Normalized Difference Vegetation
Index (NDVI) collected over the km83 site is badly contaminated by clouds for all satellite products. Since there
were no leaf area index measurements available for the site,
it was not possible to determine whether there was a
measurable phenological change (though one has been
hypothesized by Goulden et al. [2004]). Thus a constant
value of NDVI equal to 0.8, derived from the Global
Inventory Monitoring and Modeling Study (GIMMSg) data
set [Tucker et al., 2005], was used in the parameterization of
the model. Soil texture, used by SiB3 to determine physical
and hydrological characteristics of the soil, was set as sandy
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clay (52% sand and 46% clay) and was based on observations made in the area [Silver et al., 2000]. Root distribution
follows Jackson et al. [1996] for broadleaf evergreen forest,
and every soil layer, even at depth, has a nonzero root
fraction.
[13] The coupling between photosynthesis/transpiration
and soil processes is achieved by an initial calculation of
soil moisture stress on photosynthesis, followed by an
algorithm for removing water from the soil once transpiration has been calculated. The calculation of water stress is
commonly linked directly to root density as follows:
waterstress ¼

nsoil
X
i¼1

0
1
q
1 # qwpi
@
Aðrootfi Þ;
q
1 # qwpfc

3. Analysis
[14] We implemented the evolutionary responses/biophysical mechanisms described in the introduction into
SiB3 individually, to gauge model response. The primary
metric for evaluation of model performance is Net Primary
Production (NPP), defined as autotrophic respiration from
canopy vegetation (not roots) less gross photosynthesis. On
monthly timescales, net ecosystem exchange (NEE) can be
defined as Rsoil # NPP, where Rsoil is defined as heterotrophic respiration in the soil. We follow the convention that
positive NEE implies flux into the atmosphere, while
negative NEE depicts carbon flux into the terrestrial biosphere. The individual sensitivity studies are as follows.
3.1. Soil Water Stress/Rooting Distribution (SiB3-SR)
[15] Total soil column depth (3.5 m) is unchanged, but
soil water stress on photosynthesis is modified to relax the
direct coupling to root fraction in each soil layer. Soil
moisture deficit below field capacity for each layer is
aggregated and a total-column stress amount is determined
as follows:
waterstress ¼

ð1 þ wsspÞ wwcolumn
max
wssp þ wwcolumn
max

;

column (field capacity less wilt point; kilograms), and wssp
is a water stress curvature parameter (currently chosen as
0.2).
[16] Stress on the whole ecosystem is thus parameterized
as a function of plant available water within the total
column, independent of root distribution. The new formulation provides a more gradual response to stress in the
model, marked by a smooth transition between nonstressed
and stressed regimes. For water removal by transpiration, an
‘apparent’ root fraction is determined for each soil layer
depending on actual root fraction and moisture content of
the layer.
0
1
q
1 # qwpi
Aðrootfi Þ:
rootri ¼ @
q
1 # qwpfc

ð1Þ

where nsoil is the number of soil layers, qwp is volumetric
soil water fraction at wilt point, qfc is volumetric soil water
fraction at field capacity, qi is volumetric soil water fraction
of soil layer i, and rootfi is root fraction in soil layer i. Soil
water stress on photosynthesis is calculated using the
assumption that soil containing water at or above field
capacity imposes no stress on photosynthesis, while soil at
or below wilt point (defined as a moisture potential of
#150 m) will result in almost complete loss of carboxylation capacity and attendant stomatal closure. The contribution of each model soil layer to overall stress is normalized
by root fraction. Removal of water from the soil by
transpiration follows the same process. The base SiB3 case,
shown in Figure 1, shows the model NEE cycle obtained
using this representation of soil water stress and water
removal mechanisms.

ð2Þ

where wcolumn is water in the column in excess of wilt point
(kg), wmax is maximum possible excess of water in the
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ð3Þ

The apparent root fraction (rootri) is summed over the
column, and each layer is normalized so that rootrcolumn is
unity. The apparent root fraction can be higher or lower than
the initial root fraction (rootfi) on the basis of water content
in the individual layer convolved with the moisture
distribution within the column. This apparent root fraction
is consistent with the observed ability of deep roots to carry
large amount of water as reported by Jipp et al. [1998] or
Nepstad et al. [1994], and is mentioned by Lee et al. [2005]
as well.
3.2. Hydraulic Redistribution (SiB3-HR)
[17] Following Lee et al. [2005] we incorporated a
hydraulic redistribution term into the Darcy’s Law equations
used to calculate vertical movement of soil water. Coding
follows Ryel et al. [2002] and root conductivity values are
taken directly from Lee et al. [2005]. The HR modifications
allow soil water to move downward more efficiently during
periods of rain, and restore water to near-surface layers
during dry periods. Total soil column depth remains 3.5 m.
3.3. Soil Modification (SiB3-DS, or Deep Soil)
[18] Similar to case SiB3-SR, but we increase the total
soil depth to 10 m. The number of layers (10) in the model
is unchanged, but each layer is increased in thickness. This
treatment differs from the HR case both in the total depth of
the ’reservoir’ for water storage and because no water is
redistributed between layers (other than basic infiltration or
downgradient flow), therefore the storage dynamics are
different. An additional modification to the soil in the DS
case is the saturation fraction for maximum soil respiration.
Following Raich et al. [1991], the relative rate of heterotrophic respiration is tied to soil moisture amount, dependent on type of soil. We found that the optimum soil
moisture for respiration at km83 was too low in the model,
so that there was almost no response of heterotrophic
respiration to soil moisture. Soil respiration was dependent
only upon soil temperature. However, observations showed
that the annual average volumetric soil moisture at 10 cm
was 0.34 m3 m#3, giving a percent of saturation of approximately 75– 80%. By increasing the optimum soil moisture
value for heterotrophic respiration to 75%, we were able to
induce a respiration response to modeled annual cycles of
soil moisture.
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Figure 2. Average monthly photosynthesis (dashed line), respiration (dotted line), and NEE (solid line)
for four SiB3 simulations. (a) Relaxed root stress calculation (SiB3-SR), (b) hydraulic Redistribution
(SiB3-HR), (c) soil depth/respiration modification (SiB3-DS), and (d) combination of the four mechanism
runs. Mean monthly precipitation in centimeters is shown at the bottom for reference. Positive NEE
values indicate efflux into the atmosphere, and negative values indicate uptake by the biosphere.
3.4. Light Response (SiB3-SS, or Sunlit/Shaded)
[19] Increased sensitivity in model response to seasonal
and diurnal variation in radiative forcing has been accomplished by explicitly resolving sunlit and shaded canopy
fractions for energetics and photosynthetic processes [i.e.,
de Pury and Farquhar, 1997; Wang and Leuning, 1998; Dai
et al., 2004]. We modified the SiB two-stream canopy
radiative transfer submodel [Sellers, 1985; Sellers et al.,
1996a] and canopy photosynthesis treatment [Sellers et al.,
1992] to accommodate sunlit and shaded canopy fractions,
and coupled these treatments to the prognostic canopy air
space utilized in SiB as outlined in Baker et al. [2003] and
Vidale and Stöckli [2005].

[20] The model was spun up from saturated soil conditions for 15 model years using the above four formulations
and three years of observed meteorological forcing (2001–
2003).

4. Results and Discussion
[21] These four treatments were simulated individually
and their performance was analyzed against observed fluxes
of carbon, energy and moisture, although CO2 flux is
emphasized. All of these mechanisms were included in
SiB3’s model physics for a final simulation. These runs
are shown in Figure 2. Monthly mean carbon flux from the
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Figure 3. Taylor plot of 30-min modeled NEE against observed for years 2001 –2003. Runs are
identified as follows: (1) control run, (2) SiB3-SR, (3) SiB3-HR, (4) SiB3-SS, (5) SiB3-DS, and (6)
combination.
SS run is similar to the results from the HR simulation. The
effect of the sunlit/shaded (SS) run is seen in the short-term
temporal response of CO2 flux; these results will be
addressed later, and are not shown in Figure 2.
[22] In the control simulation (Figure 1) with the unmodified code, respiration is almost constant throughout the
year, while NPP decreases during the dry season (not
shown). As mentioned previously, there is little response
in heterotrophic respiration to drying soil, most likely due to
the inappropriate value for optimum soil moisture for
respiration. Any moisture response in respiration appears
to be compensated for by a temperature response to slightly
warming soils during the seasonal drought. The main driver
of the annual NEE cycle is the dramatic decrease in NPP
with decreasing soil moisture. Moisture storage in the soil is
adequate to maintain photosynthesis through June, but by
August NPP has shut down to less than half the value at
maximum productivity in May and June. Photosynthesis
does not recover completely until March or April, when the
soil moisture has been recharged by rain. It is interesting to
note that increasing the soil depth of the base case from 3.5
to 10 m has almost no effect on simulated fluxes. Nearsurface soil layers, which contain the most roots, continue to
dominate ecosystem behavior. These surface layers still
desiccate quickly after rainfall ceases, so that the annual

NEE cycle is almost indistinguishable from that shown in
Figure 1.
[23] Relaxing the linkage between root distribution and
stress postpones the change from uptake to efflux by
3 months (September versus July), but the general behavior
of SiB3-SR (Figure 2a) is the same as the base case.
Photosynthesis decreases as the soil desiccates and respiration is nearly constant through the entire year. In this case,
the reservoir of available water in a 3.5 m deep soil is
simply not sufficient to maintain ecosystem function
through seasonal drought.
[24] In the hydraulic redistribution case (Figure 2b), the
annual cycle of photosynthesis is almost uniform. Dry
season stress, while still present, is minimal. However,
heterotrophic respiration is also nearly constant in time, as
opposed to observations that show a respiration decrease
during seasonal drought [Goulden et al., 2004]. The modeled respiration actually increases in the dry season in
response to slightly warmer surface soil temperature as
radiation increases with decreasing cloudiness. The annual
NEE cycle, while much smaller in magnitude than in the
control case, maintains the sign relationship between wet
and dry seasons, which is inverted from the observed.
[25] The deep soil case, where we increase soil depth
from 3.5 to 10 m and alter the respiration response to soil
moisture, shows dramatic improvement over the control, SR
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Figure 4. Monthly mean diurnal composited NEE for wet (April) and dry (October) months. Solid line
with triangles is observed NEE, and shaded area represents ±1 standard deviation about the mean.
Control run is shown as a thin solid line, and final simulation combining all mechanisms is shown as a
dashed line.
and HR cases (Figure 2c). We have also included the
relaxed dependence on root distribution in this case, to
distinguish it from the base case with deep soil. SiB3-DS is
the SiB3-RS case with deeper soil and adjusted respiration
response. NPP shows a maximum during the early stages of
the dry season, in response to favorable light and soil
moisture conditions. Heterotrophic respiration decreases as
surface soil dries out. The surface soil has the largest root
density, so under optimum conditions transpiration will
remove water from the surface layers first. Radiative forcing
at the ground surface is minimal beneath the closed canopy,
but soil surface evaporation plays a small role. Without
hydraulic redistribution to recharge the surface layers, the
shallow soil becomes increasingly desiccated through the
dry season, and transpiration load is transferred to the
deeper layers in the soil. This combination of photosynthetic and respiration behavior has the effect of reversing the
previously modeled NEE cycle, to the point where the sign
of the annual cycle is now consistent with observations.
There is efflux during the wet season, and uptake during
seasonal drought. The modeled NEE now has monthly
mean magnitude comparable to observed for both segments
of the cycle. Mean uptake of carbon begins early in SiB3DS (July versus August), but the sign of all other months
are consistent with observed. This represents a large positive departure from previous model results.
[26] The differences between the deep soil (SiB3-DS) and
final simulation (Figure 2d, representing a combination of
the SiB3-HR, SiB3-SS and SiB3-DS runs) are subtle on the
monthly mean scale. The annual cycle remains consistent
with observed, with the difference that July is now a month
of efflux and January a month of uptake in the model
results. The amplitude of the annual cycle of NEE is
decreased by approximately 15% from the SiB3-DS to the
SiB3-final run, while the amplitudes of the NPP and
respiration annual cycles are both decreased by approximately 25%. This result is not inconsistent, since the timing
of the variability is not temporally uniform. In the SiB3-DS
run, the temporal peaks of respiration and photosynthesis
are more pronounced, while in the final run the simulation

produces a more stable or uniform behavior between wet
and dry seasons. The end result, monthly mean NEE, is
similar between the SiB3-DS and final runs, but the
mechanisms have been modified.
[27] The sensitivity of SiB3 to the various mechanisms is
shown in a Taylor plot [Taylor, 2001] in Figure 3. Correlation coefficient is improved when compared to the control
run in all simulations, but the largest correlation occurs in
the SiB3-SS and final runs, which are virtually identical at a
correlation coefficient of 0.85. It is interesting to note that
although the correlation to the observations is high for
SiB3-SS, the annual cycle was still inverted. In SiB3,
adjusting the light response had a large impact on the
diurnal scale, but not on monthly mean NEE. By increasing
SiB3 response to light, we improve the correlation to the
high-frequency observations. The variability of all simulations that did not include light response was smaller than
observed, while the variability of the two simulations that
included light response (SiB3-SS and final) were significantly larger than observed. By including sunlit and shaded
canopy fractions in SiB3, GPP was increased by 25– 30%.
To maintain annual carbon balance, there was an attendant
increase in heterotrophic respiration [Denning et al., 1996].
Therefore, adjusting the light response increased the amplitude of the diurnal cycle of NEE, but decreased the annual
cycle of monthly mean NEE. Figure 4 shows monthly mean
diurnal composites of NEE for April and October, aggregated over all years. For both wet and dry seasons the final
run has a larger amplitude than the control run. However,
the final run also simulates uptake during October (dry
season) where the control run canopy is almost completely
inactive. The shape of the diurnal cycle is closer to observed
in the final run. This can be seen both in the larger
correlation in the Taylor plot, and visually in Figure 4 as
well.
[28] However, SiB3 model physics do not include all
details of local phenology, such as the genetically induced
cycles of litterfall and wood increment as noted by Goulden
et al. [2004]. SiB3 also maintains a constant annual leaf area
index (LAI) for broadleaf evergreen forests. LAI and, more
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Figure 5. Monthly mean Bowen ratio at Tapajos National Forest km83 site, years 2001– 2003.
Observations are shown as a solid line with triangular symbols. Control simulation is a dashed line, and
final simulation is a solid line.
importantly, fraction of photosynthetically active radiation
(fPAR) are obtained from satellite observations; water vapor
and cloud contamination of satellite observations can induce
errors in surface fluxes in SiB3 [Los et al., 2000]. Huete et
al. [2006] and Saleska et al. [2007] attribute part of the
green-up in the Amazon Basin during the dry season to
increased LAI. This feature will not be reflected in SiB3
simulations, and suggests that we may not currently have
the ability to capture completely all mechanisms that effect
biophysical function in the region.
[29] It is well-known that eddy covariance instruments do
not close energy budgets [i.e., Mahrt, 1998; Wilson et al.,
2002]. The sum of latent, sensible, and ground heat fluxes
has a deficit generally on the order of 10– 30% less than
incoming radiation [Twine et al., 2000]. This closure problem exists with carbon flux as well [Aranibar et al., 2006],
and there are additional issues of underrepresentation of
nocturnal CO2 efflux [Eugster and Siegrist, 2000; Lee,
1998] though the site researchers at km83 made a strong
effort to correct for this [Miller et al., 2004]. Therefore, it is
reasonable to assume that the magnitude of the observed
NEE is smaller than reality. For this reason, a model
simulation that has variability smaller than or equal to the
observed, as in the case of the control, SiB3-HR and SiB3DS runs (Figure 3) almost surely has magnitude that is too
small. Following this line of reasoning, we might expect
that a model simulation with variability exceeding the
observed is reasonable, but determining the optimum excess
is difficult owing to multiple processes affecting both
observations and model results. In this case, we see standard
deviation of the SiB3 runs with the sunlit/shaded canopy
simulation (and in the final run) that is 30% larger than
observed. Intuitively this seems large. However, a detailed
investigation of observed carbon flux closure is beyond the
scope of this paper; we will accept the increase in correlation coefficient and larger-than-observed variability as positive results.
[30] Finally, although the emphasis here has been on CO2
flux, the large fraction of total water flux occurring as
transpiration (80 – 85% in SiB3 simulations) tightly couples
fluxes of latent and sensible heat to vegetation behavior.
Modeled and observed values of Bowen ratio are shown in
Figure 5. In the unmodified case, Bowen ratio becomes
large during the dry season as transpiration wanes owing to
soil water stress and attendant stomatal closure. The Bowen
ratio in the final run is almost constant throughout the year,
as is the observed. The magnitude of the individual fluxes

(latent and sensible heat; not shown) is similar to observed
in the final run as well.

5. Conclusions
[31] We modified the model physics in the simple biosphere model (SiB3) to include mechanisms that allow
broadleaf evergreen forests in tropical Amazonia to maintain biophysical function through seasonal drought. This
changed model response from an inverted annual NEE cycle
to one that has the same general behavior as observed eddy
covariance fluxes. The mechanisms we included are deeper
soils and a modification of the soil moisture respiration
optimum value, modified root water uptake function, hydraulic redistribution, and light response. We found that
each process, individually incorporated into SiB3, was not
sufficient to change the sign of the annual NEE cycle to
match observations.
[32] Increasing soil depth to 10 m and allowing roots to
access this entire reservoir had the effect of removing stress
from vegetation during the dry season, although a similar
response was obtained with hydraulic redistribution incorporated into SiB3. In each case, the respiration response was
critical to the annual NEE. By changing the soil moisture
value most favorable to respiration from 60% to 75% of
saturation, we were able to induce a reduction in nearsurface root respiration in the SiB3-DS case like that
observed in the field [Goulden et al., 2004], resulting in
net carbon uptake during the drier months. In the SiB3-HR
case, hydraulic redistribution kept near-surface soil layers
moist, and there was no respiration response to drying soil.
In fact, in the SiB3-HR case respiration actually increased in
the dry season owing to slightly warmer temperatures.
[33] When canopy response was modeled explicitly for
sunlit and shaded fractions (SiB3-SS), the response in the
monthly mean was minimal. The largest change was in the
magnitude and shape of the diurnal cycle.
[34] The above points underscore the concept of equifinality, or multiple paths to a single solution in a model. For
example, observed NEE reveals vegetation uptake of carbon
in the dry season, and efflux when rain is plentiful. In the
model, we can reproduce this result two ways: (1) photosynthesis is constant annually, and respiration decreases in
the dry season as surface litter and soil desiccate, and
(2) annual respiration is constant, and photosynthesis
increases in the dry season in response to higher light
levels. Observed NEE does not partition the individual
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contribution of photosynthesis and respiratory components,
but it is intuitive to believe that the actual canopy response
is a combination of choices 1 and 2. It is desirable to
quantify the relative response of each, but that is likely to be
variable in space and time.
[35] As pointed out by Franks et al. [1997], eddy covariance fluxes by themselves are insufficient to provide a
robust calibration of process-based biophysical models.
Therefore, model simulations must be confronted with
observational data from multiple sources to prevent modelers from getting ‘‘the right answer for the wrong reason.’’
Open lines of communication between the observational
and modeling communities are critical to this effort.
[36] This research represents initial success in simulating
the correct sign in the annual NEE cycle at an single
location in the Amazon Basin. We have done so by
identifying several mechanisms identified in the literature
as having a bearing on the observed behavior in the region,
specifically (1) the ability of roots to access moisture in
deep soil layers, (2) the ability of hydraulic redistribution of
soil moisture by roots to both make water available to roots
and to more efficiently use the pore space in the soil to store
water, and (3) the ability of the vegetation to utilize
increased light during the dry season, when more incoming
radiation is available. By incorporating these mechanisms
into SiB3 we are able to obtain an annual cycle of NEE that
matches the observed, specifically uptake of carbon during
the dry season and efflux during the wet months. We have
shown the average results for three years of simulations
(2001 – 2003), as the initial goal is to be able to reproduce
the general response of the vegetation in the region. As our
understanding of the biophysical processes increases, we
will be in a position to investigate variability about the
mean. We have shown that we can obtain the right sign for a
single station. The next step is to reproduce the analysis
across moisture and vegetation gradients across the Amazon
Basin.
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