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• We simulated the diffusive dioxide car-
bon flux from an Amazonian reservoir.

• We assessed the spatio-temporal dy-
namics of carbon flux for two different
seasons.

• The surface averaged flux showed no
significant difference between the sea-
sons.

• The flux showed to be more heteroge-
neous during the wet than during the
dry season.

• The total CO2 emitted by the reservoir
was estimated to be 1.1 Tg C year− 1.
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We used a three-dimensional model to assess the dynamics of diffusive carbon dioxide flux (FCO2) from a hydro-
electric reservoir located at Amazon rainforest. Our results showed that for the studied periods (2013 summer/
wet and winter/dry seasons) the surface averaged FCO2 presented similar behaviors, with regular emissions
peaks. The mean daily surface averaged FCO2 showed no significant difference between the seasons (p N 0.01),
with values around −1338 mg C m − 2 day − 1 (summer/wet) and −1395 mg C m − 2 day − 1 (winter/
dry). At diel scale, the FCO2was large during the night andmorning and low during the afternoon in both seasons.
Regarding its spatial distribution, the FCO2 showed to be more heterogeneous during the summer/wet than dur-
ing the winter/dry season. The highest FCO2 were observed at transition zone (−300 mg C m− 2 h− 1) during
summer and at littoral zone (−55 mg C m− 2 h− 1) during the winter. The total CO2 emitted by the reservoir
along 2013 yearwas estimated to be 1.1 Tg C year− 1. By extrapolating our resultswe found that the total carbon
emitted by all Amazonian reservoirs can be around 7 Tg C year− 1, which is 22% lower than the previous pub-
lished estimate. This significant difference should not be neglected in the carbon inventories since the carbon
emission is a key factor when comparing the environmental impacts of different sources of electricity generation
and can influences decision makers in the selection of the more appropriate source of electricity and, in case of
hydroelectricity, the geographical position of the reservoirs.
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1. Introduction
It has been a little over twenty years since the publication of the
pioneering work by Rudd et al. (1993) which addressed the problem
of greenhouse gases (GHG) emissions from reservoirs of hydroelectric
power plants. Since then, this subject has been the focus of work and re-
searchof scientists and environmentalmanagers inmany countries such
as: Canada (Duchemin et al., 1995), United States (Soumis et al., 2004),
Brazil (Rosa and Schaeffer, 1995; Rosa et al., 2004; Santos et al., 2006),
Panama (Keller and Stallard, 1994), French Guiana (Galy-Lacaux et al.,
1997; Galy-Lacaux et al., 1999), Sweden (Aberg et al., 2004), Finland
(Huttunen et al., 2002) and China (Xiao et al., 2013). Despite of the
great progress achieved in the past two decades of research there are
still significant gaps in our knowledge regarding the temporal and spa-
tial variability of the GHG emissions. These gaps are even larger in
areaswith lowmonitoring capabilities due to the difficult access, for ex-
ample, the hydroelectric reservoirs within the Amazon biome.

According to the current estimates the hydroelectric reservoirs
located in the Amazon region are responsible for emitting
9 Tg C year−1, being 8 Tg C year−1 as carbon dioxide (CO2) and
1 Tg C year−1 as methane (CH4) (Barros et al., 2011). It is noteworthy
that, despite having their merits, this estimate is limited, since it was
based on results published in the literature obtained by extrapola-
tion of data collected sparsely in space and time domains, and for
reservoirs of different ages (Abril et al., 2005; Guérin et al., 2006;
Keller and Stallard, 1994; Kemenes et al., 2007; Lima, 2005;
Lima et al., 1998; Rosa et al., 2004; Santos et al., 2006; St Louis
et al., 2000; Therrien, 2005). Theses simplification can greatly impact
the C emission estimative, since the flux of CO2, which is the main
source of C by the reservoir surface in the Amazonian region, have
high spatial and temporal variability.

In the case of tropical reservoirs located outside the Amazon biome,
recent studies such as those presented by Roland et al. (2010); Bergier
et al. (2011) and Pacheco et al. (2015) showed that the diffusive flux
of CO2 has great spatial and temporal variability. In hydroelectric reser-
voirs located in the Brazilian Cerrado biome the diffusive flux of CO2 can
vary between 13% and 46% in space (Roland et al., 2010) andmore than
100% throughout the day (Bergier et al., 2011). Ometto et al. (2013) also
showed that for hydroelectric reservoirs located in the Cerrado biome
the CO2 flux presented a negative correlation with the reservoir age. In
the Funil reservoir, located in the BrazilianMata Atlântica biome the dif-
fusiveflux of CO2 can vary bymore than 200% in spacedepending on the
season (Pacheco et al., 2015). Consequently, different conclusions can
be drawn with respect to the carbon emissions in these environments,
depending on the sampled place, day of year and hour of data collection.

A more comprehensive dataset recently collected under the project
“Greenhouse gas emissions in hydroelectric plants reservoirs” (hereaf-
ter Balcar Project) revealed new aspects regarding spatial and temporal
variability of C emissions in Amazonian hydroelectric reservoirs (Brazil/
MME, 2014). Nevertheless the Balcar Project dataset does not have the
spatial and time resolutions needed to investigate the variability of
emissions at finer temporal and spatial scales, such as the diel and
daily scales. This limitation is a major drawback for the investigation
of daily and diel variations of CO2flux andhence amore accurate assess-
ment of total carbon emissions in these environments.

The above studies highlight the need for intensive data collection in
both time and space domains to reduce uncertainties in the estimation
of carbon emissions by Amazonian reservoirs, as well as to assess
the main environmental factors regulating these emissions. However
this type of collection is not always possible, either due to high human
and financial resource implications, or by the difficulty of access to
the study region. Therefore it is necessary to the development an
application of new methodologies for the study of carbon emissions in
Amazonian hydroelectric reservoirs.

A new approachwhich has high potential of application to study the
carbon emission in Amazonian reservoirs, however not explored yet, is
the use of ecological modeling (Tremblay et al., 2005; Marti et al., 2007;
Santoso et al., 2015). Mooij et al. (2010) and Menshutkin et al. (2014)
provided a complete review of ecological models, listing the main
models used in the literature, its main features and capabilities, and its
advantages and limitations. As one of main advantage in using ecologi-
cal models to study the carbon emissions from hydroelectric reservoirs
is the ability to perform simulations at different temporal and spatial
scales, to investigate different processes occurring in the water column
in an integrated manner, and the possibility of investigating different
scenarios (e.g., climate change, eutrophication, extreme events, etc.).

Taking into account the context described above, we hypothesized
that due to the large size of these reservoirs and the variation in the
water level over the year, the simplification made by Barros et al.
(2011) is not appropriate for Amazonian reservoirs. A sampling carried
out in a few places in the reservoir, at different times of day and in a few
days of the year has no potential to verify this claim. On the other hand,
the use of numerical models has been shown great potential for the
study of different aspects of tropical hydroelectric reservoirs
(Curtarelli et al., 2014a, 2014b, 2015a; Pacheco et al., 2015). However,
until now, no study seems to have been done using this approach to in-
vestigate the spatial and temporal dynamics of carbon emissions from
hydroelectric reservoirs located in the Amazon region. In this context,
this work has as main innovation the use of numerical modeling in
order to better understand the spatial and temporal variability of the
diffusive CO2 flux of hydroelectric reservoirs located in the Amazon.
The main objective of this work is to study the dynamics of spatial and
temporal variability of the diffusive flux of CO2 in the Tucuruí reservoir
throughout the summer and winter seasons.

A summary of some important environmental and limnological
characteristics of the study area is presented in the following section.
In sequence, we described the methodology used in this research; the
dataset, the characteristics and configuration of the model, and the
methods used to analyze the simulations results are also presented in
this section. We then presented the results of simulations of CO2 flux
for the two periods analyzed and the results of correlation analysis
between simulated CO2 flux and pre-selected predictive variables. In
the last section, we discuss our results and compare them to previous
studies conducted at THR. We also show the implications of our results
for the global assessments of carbon emissions by Amazonian hydro-
electric reservoirs.
2. Site description

The studied hydroelectric reservoir was the Tucuruí Hydroelectric
Reservoir (THR), located within the Amazon biome, between 3°43′2″S,
49°59′15″W and 4°52′31″S, 49°9′13″W, Pará State, North of Brazil (see
Fig. 1). Among the reasons for choosing THR for this study was that it
is one of the largest reservoirs in the Amazon region (surface area
around 2500 km2 and volume around 52 billion m3 at the maximum
operational water level, 74 m above mean sea level) and for which a
long term environmental dataset is available. Several studies have
been conducted in the THR regarding C emissions and it was the focus
of a warm discussion in the scientific literature in the last decade
(Rosa and Schaeffer, 1995; Fearnside, 1995 , 2002; Rosa et al., 2006).

The THR can be classified as a monomictic (Tundisi et al., 2005) and
mesotrophic (Lobato et al., 2014)water body, presenting frequent algae
blooms during the wet season (Tavares, 2011). The climate in the THR
region can be classified as tropical with monsoons (Am) (Peel et al.,
2007)with averagemonthly air temperature ranging from24.5 °C (Feb-
ruary) to 28 °C (October) and an annual average of 26.5 °C. The rainfall,
which exceeds 2000 mm year−1, is distributed irregularly with two
well-defined seasons: wet (from October to April) and dry (from May
to September). From the operational point of view the THR shows
four distinct phases along the year: dry (Oct–Dec), filling (Dec–Mar),
full (Mar–Jul) and emptying (Jul–Oct). The residence time ranges from



Fig. 1. Study area: (a) THR location at Brazilian Amazon, and (b) THR boundaries and bathymetry view.
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30 days during the Austral summer to 180 days during the Austral win-
ter (Fearnside, 2002).

The diffusive CO2 fluxes show quite variable spatial and seasonal
patterns (Brazil/MME, 2014). From seasonal point of view the average
diffusive CO2 flux ranges from around 1000 mg C m2 day−1 (Austral
winter) to around 600 mg C m2 day−1 (Austral autumn); during the
summerandspringtheaveragediffusiveCO2fluxisaround900mgCm2-

day−1. The high spatial heterogeneity of CO2flux is observed during the
summer and autumn periods.

3. Materials and methods

3.1. Reservoir bathymetry

A bathymetric grid with a 400 × 400 m spatial resolution, resulting
in 47,128 grid points, was obtained from the spatial interpolation of
depth samples collected with a GPSMap 520s Garmin® ecobathymeter
(Olathe, Kansas, USA) during a single field expedition conducted
between 3 and 16 July 2013. Detailed information about the interpola-
tion procedure and the validation of bathymetric grid can be found in
Curtarelli et al. (2015b). The root-mean-square-error (RMSE) of the in-
terpolated bathymetric grid was b1 m.

3.2. Surface meteorology dataset

The surfacemeteorology dataset used in this studywere acquired in
part by an autonomous systemmooredwithin THR (i.e., wind speed and
direction, air temperature, relative humidity, atmospheric pressure and
incoming shortwave radiation) and complemented with information
derived from remote sensing products (i.e. cloud cover and rainfall)
(Fig. 2a–p). The autonomous system, called “Integrated System for
Environmental Monitoring” (SIMA, from the Portuguese spelling,



Fig. 2. Environmental conditions during the two studiedperiods: (a) and (b) air temperature (Ta, °C), (c) and (d) relative humidity (Rh), (e) and (f) atmospheric pressure (Patm, Pa), (g) and
(h) incoming shortwave solar radiation (SW, W m−2), (i) and (j) wind speed (u10, m s−1), (k) and (l) wind direction, (m) and (n) precipitation (p, mm day−1), (o) and (p) cloud cover
fraction (C, %), (q) and (r) Tocantins river inflow and outflowat the dam (Q, m3 s−1). Panels (a), (c), (e), (g), (i), (k) (m) and (o) for the summer/wet period; panels (b), (d), (f), (h), (j), (l),
(n) and (p) for the winter/dry period.
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Stech et al., 2006; Alcântara et al., 2013), acquired hourly data between
21 December 2012 and 21 September 2013. The meteorological data
collected by SIMA (except wind speed and direction) were recorded
every hour, as a result from a mean of 30 samples collected by a burst
sampling of 0.3 ms duration at a 10 ms rate. The wind speed and direc-
tion were collected every 30 s, 10 times before and 10 times after the
hourly recording; the mean value of these 21 samples was recorded.
The primary characteristics of the meteorological sensors used are
summarized in Table 1, and the SIMA location within the THR is
shown in Fig. 1.

The cloud cover fraction and precipitation data were derived from
remote sensing standard products. Cloud cover data was retrieved
using the Moderate Resolution Imaging Spectroradiometer (MODIS)
level 2 cloud mask product (named M*D35L2) (Ackerman et al.,
1998). This product is generated up to four times each day
(i.e., 10:30 h, 13:30 h, 23:30 h and 01:30 h) and is delivered in a
georeferenced grid with a 1 km spatial resolution in a sinusoidal projec-
tion. Precipitation datawas acquired using the Tropical Rainfall Measur-
ing Mission (TRMM) 3B42 product (Huffman et al., 2007) version 6,
which provides daily accumulated precipitation rate in a georeferenced
grid with a 25 km resolution. Both remote sensing-derived data were
reprojected to the Universal Transverse Mercator (UTM) coordinate
system (zone 22 south), using the World Geodetic System (WGS-84)
datum as a reference, and converted to a raster image. A MATLAB®
routine was specially developed for computing cloud cover fraction
and precipitation rate over THR.

Image of Fig. 2


Table 1
Technical specification of the SIMA sensors.

Sensor Manufacturer/model Range Accuracy Height

Thermo
hygrometer

Rotronic MP 101A −40 to 60 °C
0 to 100%

±0.3 °C
±1%

3 m

Anemometer RM Young 05106 0 to 100 m s−1

0 to 360°
±0.3 m s−1

±3°
3 m

Pyranometer Novalynx 840–8102 0 to 1500 W m−2 b1 W m−2 3 m
Barometric
pressure

Vaisala PTB 110 800 to 1060 hPa ±0.3 hPa
at 20 °C

3 m
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3.3. Operational dataset

The operational dataset (Fig. 2q and r) used in this study comprises
daily inflow, outflow and water level time series provided by the
“Centrais Elétricas do Norte do Brasil S.A.” (Eletronorte), the company
which oversees the reservoir. The data is available on line at: www.
eln.gov.br/opencms/export/sites/eletronorte/pilares/geracao/estados/
tucurui. For this studywe used the data provided between 21December
2012 and 21 September 2013.
3.4. Limnological and CO2 emission datasets

The limnological and CO2 emission datasets used in this study come
from two different sources: (1) the database of Balcar project, which
comprises limnological and GHG emission data collected by different
Brazilian research institutions (Brazil/MME, 2014); and (2) temperature
data collected by thermistors chains anchored in the reservoir. The
Balcar project database is available online and can be accessed by
means of a previous registration (http://www.dsr.inpe.br/hidrosfera/
balcar/). More details about Balcar project can be found in Brazil/MME
(2014).

The Balcar project data used in this study were collected by
Eletronorte team, at 11 different sampling points, between 2011 and
2012 during the summer and winter period (see Fig. 1 for the location
of Eletronorte sampling stations). Limnological data were measured at
the Tocantins River upstream of the reservoir and in the water column
of THR at different depthswhile the CO2 emission datawheremeasured
at air-water interface. The limnological dataset includes the following
parameters: (1) water temperature; (2) dissolved oxygen (DO);
(3) chlorophyll-a (Chl-a); (4) pH; (5) phosphate (PO4

3−); (6) dissolved
organic phosphorus (DOP); (7) particulate organic phosphorus
(POP); (8) particulate inorganic phosphorus (PIP); (9) nitrate (NO3−);
(1) ammonium (NH4

+); (11) particulate organic nitrogen (PON); (12)
dissolved organic nitrogen (DON); (13) dissolved organic carbon
(DOC); (14) particulate organic carbon (POC); (15) particulate inorgan-
ic carbon (PIC); and dissolved inorganic carbon (DIC). The CO2 emission
dataset include diffusive flux (in units of mg C m−2 day−1) measured
using static floating chambers by Eletronorte team.
Fig. 3.Water quality parametersmeasured at Tucuruí River (stationM5, see location in Fig. 1) fo
(DO, mg L−1), pH, total phosphorus (PT, μg L−1), phosphate (PO4

3−, μg L−1), dissolved organ
inorganic phosphorus (PIP, μg L−1), nitrate (NO3−, μg L−1), ammonium (NH4

+, μg L−1), particu
organic carbon (DOC, mg L−1), particulate organic carbon (POC, mg L−1), particulate inorganic
Time series of water temperature profiles' were collected hourly
between 21 December 2012 and 21 September 2013 by two thermistor
chains: one installed at the river-reservoir transition zone (CH10
station), and one installed in the main body of the reservoir (CH8 sta-
tion) (see Fig. 1 for thermistor chains location). Each thermistor chain
had 15 HOBO Onset® U22-001-Water Temp Pro v2 probes (Bourne,
Massachusetts, USA). These thermistors operate between −40 °C and
50 °Cwith a factory-specified accuracy of ±0.2 °C. At CH10, thermistors
were installed at 0.3, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, 16, 18, and 20 m
depths. At CH8, thermistors were installed at 0.3, 1, 2, 4, 6, 8, 10, 12,
14, 16, 18, 20, 25, 30 and 35m depths. In addition to the two thermistor
chains, a YSI® 6600 V2 sonde (Yellow Springs, Ohio, USA) was used to
collect the hourly water surface temperature (at a 0.5 m depth) at the
SIMA location. The YSI sonde temperature sensor operates between
−5 °C and 60 °C with a factory-specified accuracy of ±0.15 °C.

Fig. 3 shows the mean values of water quality parameter measured
at the Tocantins River (station M5, see Fig. 1 for location) while Fig. 4
shows the water quality parameters profiles measured in the water
column of THR (stations M1, MR, MPUC, M3, MBEL, ML, MJV and in
the thermistors chains CH10 and CH8, see Fig. 1 for locations). The
Table 2 summarizes the CO2 emission dataset.

3.5. Ecological model

Weused the Computational Aquatic EcosystemDynamicModel v3.2
(CAEDYM, Hipsey et al., 2014) coupled to the Estuary and Lake Comput-
er Model v2.2 (ELCOM, Hodges et al., 2000) to simulate the diffusive
atmospheric CO2 flux from THR to the atmosphere. The choice of
ELCOM-CAEDYM (ELCD) model to simulate the behavior of diffusive
CO2 flux in the THR was based on technical and economic criteria. We
also took into consideration the literature reviews performed by Mooij
et al. (2010) and Menshutkin et al. (2014). The main points considered
for the choice of the ELCD model were: (1) ELCD has the ability to sim-
ulate the dynamics of carbon in the water column and the atmospheric
CO2 flux; (2) ELCD is a tri-dimensional (3-D) model, suitable for large
reservoirs with a complex morphology (Leon et al., 2008), as is the
case of Tucuruí reservoir; (3) ELCD model has a good documentation
and is easily accessible; (4) ELCD has friendly graphical interface,
which facilitates the configuration and processing of data for the simu-
lations and enables rapid visualization of the results; and (5) ELCD is
widely used in the scientific literature (Romero et al., 2004; Bruce
et al., 2006; Marti et al., 2007; Missaghi and Hondzo, 2010; Trolle
et al., 2011; Santoso et al., 2015).

ELCOM is a three-dimensional hydrodynamic model which solves
unsteady, coupled, Reynolds-averaged Navier–Stokes and scalar trans-
port equations using hydrostatic and Boussinesq approximations. The
numerical discretization uses an Euler-Lagrange approach for momen-
tum advection, which was adapted from Casulli and Cheng (1992).
Scalar advection is based on theULTIMATE-QUICKESTmethod proposed
by Leonard (1991). The verticalmixing ismodeled based on one dimen-
sional approach described by Imberger and Patterson (1989). The
surface heat budget components are computed using standard bulk
r the summer/wet and winter/dry periods.Water temperature (Tw, °C), dissolved oxygen
ic phosphorus (DOP, μg L−1), particulate organic phosphorus (POP, μg L−1), particulate
late organic nitrogen (PON, μg L−1), dissolved organic nitrogen (DON, μg L−1), dissolved
carbon (PIC, mg L−1) and dissolved inorganic carbon (DIC, mg L−1).

http://www.eln.gov.br/opencms/export/sites/eletronorte/pilares/geracao/estados/tucurui
http://www.eln.gov.br/opencms/export/sites/eletronorte/pilares/geracao/estados/tucurui
http://www.eln.gov.br/opencms/export/sites/eletronorte/pilares/geracao/estados/tucurui
http://www.dsr.inpe.br/hidrosfera/balcar/
http://www.dsr.inpe.br/hidrosfera/balcar/
Image of Fig. 3


Fig. 4. Water quality parameter profiles measured in the water column of THR (Eletronorte sampling stations, see location in Fig. 1). (a and e) water temperature (Tw, °CO), (b and f)
dissolved oxygen DO, mg L−1), (c and g) pH, (d and h) amoniun (NH4

+, μg L−1), (i and m) phosphate (PO4
3−, μg L−1), (j and n) Turbidity (NTU), (k and o) Nitrate (NO3−, μg L−1), and

(l and p) Chlorophyll-a (Chl-a, μg L−1).
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transfer models, which are parameterized as functions of meteorologi-
cal variables (Imberger and Patterson, 1989). The model simulates the
atmospheric stability effects on surface heat fluxes using the iterative
procedure described in Hicks (1975). The fraction of shortwave radia-
tion that penetrates the water column decays following the Beer-
Lambert-Bouguer law.

CAEDYM is an aquatic ecological model which can be dynamically
coupled to ELCOM for simulation of ecological and bio-chemical pro-
cesses within lakes, reservoirs and costal zones. This model has been
widely cited in the literature, and was used for different studies such
as: the evaluation of water quality in lakes (Gal et al., 2009; Missaghi
and Hondzo, 2010), internal nutrients cycling (Bruce et al., 2006;
Spillman et al., 2007), algae bloom events (Robson and Hamilton,
2004; Silva et al., 2014), among other studies. The main processes
included in the carbon cycle modeling by CAEDYM according to
Hipsey et al. (2014) are: (1) atmospheric fluxes of CO2; (2) carbonate
buffer system induced DIC variations; (3) mineralization of DOC to
DIC; (4) biological uptake of DIC by phytoplankton, macroalgae and
macrophytes; (5) dissolved sedimentfluxes of DIC andDOC; (6) decom-
position of POC into DOC; (7) biologicalmortality and excretion into the
DOC and POC pools; (8) settling of POC; and (9) resuspension of POC.
The diffusive atmospheric CO2 flux, FCO2 (g C m−2 s−1), is modeled
using the Wanninkhof equation's (Wanninkhof, 1992):

FCO2 ¼ kco2K0 pCOair
2 −pCOwater

2

� �

where pCO2 is the partial pressure of CO2 (atm). Gaseous and aqueous
phase CO2 values are related by Henrys Law for calculation of pCO2. Pos-
itive values of FCO2 indicate that reservoir acts as a carbon sink while
negative values indicate that reservoir acts as a source of carbon to the
atmosphere. The gas transfer velocity, kCO2 (m s−1), is calculated as
function of wind speed and water column stability:

kCO2 ¼ 2:2� 10−5 u2
10ffiffiffiffiffi
Sc

p

Image of Fig. 4


Table 2
Summary of diffusive CO2 fluxmeasured in THR using floating chambers. The locations of
sampling stations are shown in Fig. 1. Negative values indicate CO2 evasion from reservoir.

Sampling station FCO2 (mg C m−2 day−1)
summer/wet

FCO2 (mg C m−2 day−1)
winter/dry

C1 −40.46 −3193.77
C2 −36.55 −446.12
BB −31.55 −786.67
M1 −39.22 −1590.88
MR −19.36 −257.58
MBEL −40.66 −1008.23
MPUC −140.89 −563.48
M3 −2.51 −10,036.85
MJV −27.18 −5543.70
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where u10 is the wind speed 10m above the water surface (m s−1) and
Sc is the Schmidt number:

Sc ¼ 0:9þ S
350

� �
�
�
2073:1−125:62� Twð Þ þ 3:6276� T2

w

� �

−0:043219� T3
w

� ��

where S in the salinity of water (psu) and Tw is the water temperature
(°C). The solubility product of CO2, K0 (mol L−1 atm−1), is calculated
according to Weiss (1974):

K0 ¼ e −58:0931þ90:5069� 100
θwð Þþ22:94� ln θw

100ð Þþ0:027766�S−0:025888�S� θw
100ð Þþ0:0050578�S� θw

100ð Þ2
	 


where θw is the water temperature in degrees Kelvin (K). The complete
set of equations used byCAEDYMtomodel the carbon cycle is presented
by Hipsey et al. (2014).

3.6. Tucuruí reservoir simulations

The simulation of FCO2was performed for two periods: (1) summer/
wet period, from 21 December 2012–21 March 2013, and (2) winter/
dry period, from 21 June to 21 September 2013. To account for unstable
atmospheric conditions, ELCOM atmospheric stability submodel was
activated during the simulations; this procedure is appropriate in
cases in which the meteorological sensors are located within the inter-
nal boundary layer over the lake surface and the data are collected at
subdaily intervals (Imberger and Patterson, 1989). Additionally, consid-
ering the weak stratification (~0.1 °C m−1) observed in the main body
of the THR (CH8 station), we observed that the reduced gravity has typ-
ical values on the order of O(10−3 m s−2). The reservoir depth has
values on the order of O(100 m) and the Coriolis parameter has values
on the order of O(10−5 s−1). These typical values provided internal
wave velocities on the order of O(10−2 m s−1) and a Rossby radius of
deformation on the order of O(103 m) which is smaller than the width
of the reservoir ~O(104 m). Hence, rotational effect should not be
neglected, and ELCOM Coriolis submodel was activated during the
simulations.

We considered only one inflow (the Tocantins River) and one
outflow (located at the dam) during the simulations. The numerical
domain was discretized on a uniform horizontal grid containing
400m× 400m cells based on available bathymetric data. In the vertical
direction, we used a non-uniform grid resolution; the thickness of the
vertical layers increased smoothly with the depth from 0.1 m (upper
water column) to 5 m (bottom layer) resulting in a total of 74 layers.
These grid configurations were chosen to optimize the model perfor-
mance and to reduce the computational cost. The physical parameters
used in this study (Table 3a) were the same used by Curtarelli et al.
(2014) which calibrated and validated ELCOM to simulate the impacts
of mesoscale convective systems on the energy balance and diurnal
mixed layer dynamics of THR.
The CAEDYM model was configured to simulate only the labile
fractions of POC and DOC. Based on the study of Tavares (2011),
which characterized the structure of the micro phytoplankton commu-
nity in the THR, we selected only one algae group to be simulated: the
blue-green algae Microcystis Auruginosa which is the most frequent
(i.e., present in 80% of samples) and the dominant (i.e., account for
more than 70% of individuals within one sample). For this algae group,
the vertical migration of phytoplankton and photo-inhibitionwere con-
sidered during the simulation.We also considered the resuspension and
settling of POC during the simulation. A static sedimentmodel was cho-
sen to simulate the dissolved sediment fluxes of DIC and DOC. Table 3
shows a summary of biological (Table 3b), geochemical (Table 3c) and
sediment (Table 3d) parameters used for the simulations. The parame-
ter values were chosen based on literature review and in situ measure-
ments conducted at THR.

The ELCD coupled model was forced using the operational data
provided by Eletronorte (daily inflow and outflow), the surface meteo-
rology dataset collected by SIMA (wind speed and direction, air temper-
ature, relative humidity, atmospheric pressure and incoming shortwave
radiation) and derived from remote sensing data (cloud cover and rain-
fall) (see Fig. 2), and the nutrients and carbon inputs from Tocantins
River (see Fig. 3). The meteorological variables were considered uni-
form across the numerical domain. This assumption is reasonable
since themeteorological variables present a quite homogeneous pattern
over the THR region. The concentration of nutrients and carbon inputs
by Tocantins River were considered constant along each season.

The initial conditions for the two simulated periodswere established
based on in situ profile measurements conducted by Eletronorte and
temperature data collected by the two thermistor chains (see Fig. 1 for
the locations of Eletronorte sampling stations and thermistor chains,
and Fig. 4 for the water quality profiles). To spin-up the circulation pat-
terns and water temperature gradients, the simulation was initiated
10 days before the periods of interest. The time step used was 120 s
and the outputs were preprogramed to be saved at each 30 min. The
simulations outputs included the surface averaged FCO2 time series
and spatially distributed FCO2 values, both in units of g C m−2 s−1. The
simulations results were post processed using a MatLab® routine in
order to convert and aggregate the fluxes to units of mg C m−2 h−1

and mg C m−2 day−1.
The results of simulations for both periods were validated by the

comparison to the CO2 diffusive flux measurements carried out by
Eletronorte teamwithin the Balcar project (2011–2012 year) using stat-
ic floating chambers (see Table 2) andwater level time series measured
at the dam with daily frequency provided by Eletronorte. For the FCO2
comparison, we selected the simulated values at the same location of
Eletronorte sampling stations (see Fig. 1) from the same day of year
and time of sampling collection to compose our validation dataset. Be-
sides the time lapse (i.e., 1 year) between the Balcar data collection
and our simulation year, we highlight that no significant changes were
observed in the land use and land cover (LULC) of the THR drainage
basin (b5% of LULC change). We also emphasize that no significant dif-
ferences were observed among meteorological variables for 2012 and
2013 (t-test, n = 365, p N 0.01). The LULC change was evaluated by
the MODIS Land Cover Type product (named MCD12Q1) (Friedl et al.,
2010),which describes land cover properties derived from observations
spanning a year's input of MODIS data. The primary land cover scheme
identifies 17 land cover classes defined by the International Geosphere
Biosphere Program (IGBP), which includes 11 natural vegetation clas-
ses, 3 developed and mosaicked land classes, and 3 non-vegetated
land classes. The differences among meteorological variables for 2012
and 2013were evaluated by a pairwise comparison between daily read-
ings of air temperature, precipitation,wind speed, atmospheric pressure
and relative humidity, measured at THR dam and provided by Brazilian
Institute ofMeteorology (INMET, from Portuguese spelling). Taking into
account that the LULC and meteorology were similar for both years
(2012 and 2013), we expected that the CO2 emissions observed during



Table 3
Summary of selected parameters used in ELCOM-CAEDYM simulations.

Symbol Units Assigned
value

Values from
field/literature

Source

a) Physical parameters
Albedo for shortwave radiation αSW – 0.03 0.03 Slater (1980)
Drag bottom coefficient C1 – 0.001 0.001–0.003 Wüest and Lorke (2003)
Horizontal diffusivity κ m2 s−1 5.25 5.25 Pacheco et al. (2011)
Fraction of incident shortwave in near
infrared region

fNIR – 0.51 – ELCOM default

Fraction of incident shortwave in
photosynthetically active region

fPAR – 0.45 0.446 ELCOM default

Fraction of incident shortwave in
ultraviolet-a region

fUVA – 0.035 – ELCOM default

Fraction of incident shortwave in
ultraviolet-b region

fUVB – 0.005 – ELCOM default

Extinction coefficient for near infrared region KdNIR m−1 2 – ELCOM default
Extinction coefficient for photosynthetically
active region

KdPAR m−1 1.2 0.49–4.03 Measured in situ using TriOS® Ramses radiometers

Extinction coefficient for ultraviolet-a region KdUVA m−1 1 – ELCOM default
Extinction coefficient for ultraviolet-b region KdUVB m−1 2.5 – ELCOM default

b) Biological parameters
Average ratio of carbon to chlorophyll-a Ycc mg C mg

Chl-a−1
40 40 Deus et al. (2013); Robson and Hamilton (2004)

Constant settling velocity ws m s−1 1 × 10−5 1 × 10−5 Gal et al. (2009)
Critical shear stress tcpy N m−2 0.001 0.001 Robson and Hamilton (2004)
Diameter of phytoplankton dia m 0.4 ×

10−4

0.00005–0.0004 Wallace et al., 2000

Fraction of respiration relative to total
metabolic loss rate

FRML – 0.5 0.25–0.7 Robson and Hamilton (2004); Gal et al. (2009)

Half saturation constant for nitrogen KN mg L−1 0.047 0.014–0.081 Robson and Hamilton (2004); Gal et al. (2009); Deus et al.,
2013

Half saturation constant for phosphorus KP mg L−1 0.035 0.001–0.006 Robson and Hamilton (2004); Gal et al. (2009); Deus et al.,
2013

Maximum internal nitrogen concentration INmax mg N mg
Chl-a−1

5 5 Gal et al. (2009)

Maximum internal phosphorus
concentration

IPmax mg P mg
Chl-a−1

0.8 0.8 Gal et al. (2009)

Maximum rate of phytoplankton nitrogen
uptake

UNmax mg N mg
Chl-a−1 day−1

1.5 1.5 Gal et al. (2009)

Maximum rate of phytoplankton phosphorus
uptake

UPmax mg P mg
Chl-a−1 day−1

0.2 0.2 Robson and Hamilton (2004)

Maximum potential growth rate of
phytoplankton

Pmax Day−1 1.4 0.7–2 Robson and Hamilton (2004); Gal et al. (2009); Deus et al.,
2013

Minimum internal nitrogen concentration INmin mg N mg
Chl-a−1

2.5 2.5 Gal et al. (2009)

Minimum internal phosphorus
concentration

IPmin mg P mg
Chl-a−1

0.4 0.4 Gal et al. (2009)

Phytoplankton respiration function krp – 0.01 0.01 Gal et al. (2009)
Respiration/mortality/excretion rate
coefficient

kr Day−1 0.08 0.0175–0.08 Robson and Hamilton (2004); Gal et al. (2009); Deus et al.,
2013

Temperature multiplier for phytoplankton vT – 1.075 1.07–1.08 Robson and Hamilton (2004); Gal et al. (2009)
Temperature multiplier for respiration vR – 1.065 1.05–1.08 Robson and Hamilton (2004); Gal et al. (2009)

c) Chemical parameters
Critical shear stress for resuspension tcPOM N m−2 0.02 0.05 Robson and Hamilton (2004)
Denitrification rate coefficient koN2 Day−1 0.08 0.08–0.4 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.

(2009); Missaghi and Hondzo (2010)
Density of particulate organic matter
particles

POMDensity kg m−3 1050 1030–1080 Bruce et al. (2006); Gal et al. (2009); Missaghi and Hondzo
(2010)

Diameter of particulate organic matter
particles

POMDiameter m 1 × 10−5 0.5 × 10−5 –
1.5 × 10−5

Bruce et al. (2006); Gal et al. (2009); Missaghi and Hondzo
(2010)

Half-saturation constant for nitrification KOn mg O L−1 2 0.5–4 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.
(2009); Missaghi and Hondzo (2010)

Half-saturation constant for denitrification KN2 mg L−1 0.4 0.3–0.5 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.
(2009); Missaghi and Hondzo (2010)

Maximum mineralization of DON to NH4 DON1max Day−1 0.04 0.01–0.08 Robson and Hamilton (2004); Missaghi and Hondzo (2010)
Maximum mineralization of DOC to DIC DOC1max Day−1 0.011 0.011–0.07 Robson and Hamilton (2004); Bruce et al. (2006); Missaghi

and Hondzo (2010)
Maximum mineralization of DOP
to PO4

DOP1max Day−1 0.25 0.25 Missaghi and Hondzo (2010)

Maximum transfer of PON to DON PON1max Day−1 0.05 0.005 Gal et al. (2009); Missaghi and Hondzo (2010)
Maximum transfer of POC to DOC POC1max Day−1 0.05 0.001–0.07 Bruce et al. (2006); Gal et al. (2009); Missaghi and Hondzo

(2010)
Maximum transfer of POP to DOP POP1max Day−1 0.03 0.03 Gal et al. (2009); Missaghi and Hondzo (2010)
Nitrification rate coefficient koNH Day−1 0.1 0.03–0.25 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.

(2009); Missaghi and Hondzo (2010)

(continued on next page)
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Table 3 (continued)

Symbol Units Assigned
value

Values from
field/literature

Source

Photo-respiration phytoplankton DO loss prc – 0.02 0.02 Missaghi and Hondzo (2010)
Respiration stoichiometric ratio of carbon to
oxygen

YOC mg C mg O−1 2.66667 2.66667 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.
(2009)

Specific attenuation coefficient of POC KePOC m2 g−1 0.02 0.02 Missaghi and Hondzo (2010)
Specific attenuation coefficient of DOC KeDOC m2 g−1 0.001 0.001 Bruce et al. (2006); Gal et al. (2009)
Temperature multiplier for denitrification vN2 – 1.06 1.045–1.08 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.

(2009)
Temperature multiplier for nitrification vON – 1.08 1.08 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.

(2009)

d) Sediment related parameters
Controls sediment release of PO4 via oxygen KOxS-PO4 g m−3 0.5 0.05–1 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.

(2009); Missaghi and Hondzo (2010)
Fraction of sediment that is organics SedOrganicFrac – 0.16 0.04–0.36 BALCAR project database
Half-saturation constant for DO sediment
flux

KSOs mg O L−1 3 0.5–3.2 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.
(2009); Missaghi and Hondzo (2010)

Half-saturation constant for sediment DOC
release dependence on DO

KDOS-doc g m−3 0.5 0.005–0.5 Gal et al. (2009); Missaghi and Hondzo (2010)

Half-saturation constant for sediment DON
release dependence on DO

KDOS-don g m−3 0.5 0.005–0.5 Gal et al. (2009); Missaghi and Hondzo (2010)

Half-saturation constant for sediment DOP
release dependence on DO

KDOS-dop g m−3 0.5 0.005–0.5 Gal et al. (2009); Missaghi and Hondzo (2010)

Half-saturation constant for sediment NH4

release dependence on DO
KDOS-NH4 g m−3 0.5 0.05–1 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.

(2009); Missaghi and Hondzo (2010)
Half-saturation constant for sediment NO3

release dependence on DO
KDOS-NO3 g m−3 0.03 0.03–0.5 Gal et al. (2009); Missaghi and Hondzo (2010)

Release rate of DON SmpdonL g m−2 day−1 0.02 0–0.02 Robson and Hamilton (2004); Hipsey et al. (2014)
Release rate of DOP SmpdopL g m−2 day−1 0.004 0–0.004 Robson and Hamilton (2004); Hipsey et al. (2014)
Maximum NH4 sediment flux SmpNH4 g m−2 day−1 0.05 0.05–0.09 Bruce et al. (2006); Gal et al. (2009); Missaghi and Hondzo

(2010)
Maximum release rate of DOC at 20 °C SmpdocL g m−2 day−1 0.005 0.005 Gal et al. (2009); Missaghi and Hondzo (2010)
Maximum release rate of NO3 at 20 °C SmpNO3 g m−2 day−1 0.03 0.03 Gal et al. (2009); Missaghi and Hondzo (2010)
Maximum release rate of PO4 at 20 °C SmpPO4 g m−2 day−1 0.001 0.0008–0.04 Bruce et al. (2006); Gal et al. (2009); Missaghi and Hondzo

(2010)
Static sediment exchange rate rSOs g m−2 day−1 1 0.9–6 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.

(2009); Missaghi and Hondzo (2010)
Temperature multiplier of sediment fluxes θ(sed) – 1.065 1.05–1.08 Robson and Hamilton (2004); Bruce et al. (2006); Gal et al.

(2009); Missaghi and Hondzo (2010)
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Balcar project and simulated in our study presents a similar behavior,
since these are key factors controlling the carbon input and emissions
in lakes and reservoirs (Tranvik et al., 2009). For the water level, we
compared the time series simulated by the ELCD model at the dam
with the time series provided by the Eletronorte. All comparisons
were made for the two periods of simulation (summer/wet and
winter/dry) using threewell-accepted goodness-of-fitmeasures: coeffi-
cient of determination from linear regression (R2), RMSE, and the
Normalized RMSE (NRMSE).

3.7. Correlation analysis among CO2 flux and predictive variables

This analysis aimed to identify the main meteorological forcing and
physical process/es occurring in the water column and govern the CO2

flux in the Tucuruí reservoir. The influence of meteorological forcing
was assessed by correlation analysis among simulated values of FCO2
and themeteorological variables collected by the SIMA: (1) air temper-
ature (Ta, °C); (2) relative humidity (Rh, %); (3) atmospheric pressure
(Patm, hPa); (4) wind speed (u10, m s−1); and (5) incident shortwave
radiation (SW, W m−2).

The influence of physical and biological processes on the diffusive
CO2 flux was assessed using time series derived from the results of
the simulations with ELCD model. Selected for this analysis were:
(1) concentration of chlorophyll-a ([Chl-a], μg L−1); (2) concentration
of DIC ([DIC], mg L−1); (3) water temperature (Tw, °C); (4) retention
time (RT, day); (5) speed of gas exchange (kCO2, m s−1); (6) latent
heat flux (E, W m−2); (7) sensible heat flux (H, W m−2); (8) long
wave flux (QLW, W m−2); (9) partial pressure of CO2 in the water
surface (pCO2, μatm); (10) convective entrainment velocity (w*,
m s−1); (11) turbulent kinetic energy introduced into the mixed layer
(Fq, m3 s−3); (12) wind shear velocity at the water surface (uw*,
m s−1); and (13) the depth of the surface mixed layer (h, m).

All 18 variables used in this analysis were pre-selected based on pre-
vious studies that have investigated and listed possible factors that may
impact the CO2 flux in lake and reservoirs (e.g., St Louis et al. 2000;
Eugster et al., 2003; Barros et al., 2011; Polsenaere et al., 2013;
Pacheco et al., 2015).

3.8. Global estimation

The surface averaged FCO2 time series, converted and aggregate to
units of mg C m−2 day−1, were used to compute the total diffusive
CO2 emission by THR along the 2013 year (in units of Tg C year−1). As
the surface area of THR shows a great variability along the year, going
from around 1500 km2 to around 2500 km2, we considered the surface
area variation in our estimative of total diffusive CO2 emission for
2013 year. The water level-area relation proposed by Curtarelli et al.
(2015b) and daily water level data simulated by ELCD model were
used to compute the surface area time series for 2013 year. The daily
emission, in units of Tg C day−1, was obtained bymultiplying the reser-
voir area (m2) by FCO2 (mg Cm−2 day−1) for each day of year. The total
diffusive CO2 emission for 2013 year, in units of Tg C year−1,was obtain-
ed by the sum of daily emission values. The result of this analysis was
compared to previous estimates available in the literature (e.g.
Fearnside (1995); Santos et al. (2006) and Brazil/MME (2014)), based
on a fix emission rate and reservoir surface area.
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4. Results

4.1. Environmental conditions during summer/wet and winter/dry periods

A marked diel pattern was observed in all meteorological variables
monitored by SIMA during the summer/wet and winter/dry periods
(Fig. 2a–l). Statistical t-test showed that among all the meteorological
variables only the wind speed and direction presented no significant
differences between the seasons (p N 0.01). On the other hand air
temperature, relative humidity, atmospheric pressure and incident
shortwave radiation showed significant differences between the
seasons (p b 0.01).

Air temperature (Fig. 2a and b) ranged, on average, from 25.3 °C to
29.0 °C along the days in the summer period, with a daily mean of
26.9 °C. For the winter period, air temperature ranged from 25.5 °C to
29.8 °C, with daily mean of 27.6 °C. The highest air temperature was
observed at approximately 17:00 h local time (LT = −3 GMT), and
the lowest temperature was observed at approximately 07:00 h LT
during the summer/wet season. A small shift was observed in this
pattern during the winter/dry period with the maximum air tempera-
ture occurring at 19:00 h LT and minimum at 08:00 h LT. Consistent
with the pattern of the diel variations in the air temperature, the
maximum relative humidity was observed at approximately 06:00 h
LT,while theminimumrelative humiditywas observed at approximate-
ly 16:00 h LT during the summer/wet season (Fig. 2c). For the winter/
dry season (Fig. 2d) the maximum relative humidity was observed at
approximately 07:00 h LT while the minimum relative humidity was
observed at approximately 19:00 h LT. The average values for the min-
imum andmaximum relative humiditywere 70% and 84%, respectively,
for the summer/wet period and 60% and 79%, respectively, for the win-
ter period/dry.

The atmospheric pressure (Fig. 2e) fluctuated between 996 hPa and
1000hPa, on average, throughout the days in the summer period. In this
season, the highest atmospheric pressure valuewas observed at 10:00 h
LT, and the lowestwas observed at 17:00 h LT. During thewinter period
(Fig. 2f) the atmospheric pressure ranged between 998 hPa and
1001 hPa with the minimum occurring at 20:00 h LT and maximum at
12:00 h LT. On the synoptic scale, no sign of frontal passages, which
are associated with a significant pressure rise (ahead of the front) and
drop (behind the front), were observed in the dataset for both seasons.
However it was expected considering the low latitude of the THR.

The peak of incident shortwave radiation was frequently shifted
from its normal time at noon to approximately 13:00 h LT during the
summer/wet (Fig. 2g) while during the winter/dry (Fig. 2h) season
the peak occurred generally at noon time. The average daily maximum
shortwave radiation value was 643 W m−2 during the summer and
865 W m−2 during the winter. However, in cloudless conditions, the
Fig. 5. Comparison between simulated (2013 year) and observed (2011–2012 years) FCO2 (mg C
peak incident shortwave radiation can be higher than 1100 W m−2 in
both seasons. On average, in the study region, the sunrise and sunset
occur approximately 06:00 h LT and 18:00 h LT, respectively; thus, ap-
proximately 12 h of the incident shortwave radiation are available in
both seasons.

The wind speed (Fig. 2i and j) ranged from 1.8 m s−1 to 3.2 m s−1,
with a daily mean value of 2.5 m s−1 in both seasons. The diel variation
of wind speed exhibited a similar pattern in both seasons, which was
opposite to that of the air temperature, with the maximum wind
speed occurring generally during the night and morning period (be-
tween 3:00 h LT and 10:00 h LT) and the minimum occurring during
the afternoon (between 14:00 h LT and 16:00 h LT). In both seasons
the wind usually flowed from southeast to northwest (Fig. 2k and l)
along the main axis of the reservoir.

The rainfall, and cloud cover over the THR were higher during the
summer/wet (Fig. 2m and o) period when compared with the winter/
dry (Fig. 2n and p) season. The accumulated rainfall during the sum-
mer/wet was 1160 mmwhile during the winter/dry was 156 mm. The
high rainfall and cloud cover observed during the summer/wet period
can be associated with the Intertropical Convergence Zone (ITCZ)
dynamics along the year and the occurrence of mesoscale convective
systems, which is more frequent during this time of year over tropical
South America (Horel et al., 1989).

The inflow and outflow (Fig. 2q and r) showed a distinct pattern be-
tween the two analyzed periods which showed a high inflow in the end
of the summer period (~20,000 m3 s−1). The average Tocantins River
inflow was around 4-folds higher during the summer (13,000 m3 s−1)
than during the winter (3000 m3 s−1). High inflow values compared
to the outflowwhere observed during most of the summer/wet season
resulting in the rise of water level; for 2013 year the reservoir reached
the maximum operational level (i.e. 74 m above mean sea level) at
the end of wet season (March–April). On the other hand, during the
winter/dry season the outflow exceeded the inflow and hence the
water level decreased along the period, reaching near 67 m. Some
water quality parameters measured at Tocantins River, such as water
temperature, pH and OD, exhibited similar values for both seasons
(Fig. 3). With exception of the DIC, the C inputs concentrations were
higher during the summer compared to winter period; the total phos-
phorous and ammonium load were also higher during the summer
period.

The models results showed that during the summer/wet period the
reservoir exhibited weak water column stratification, with b1 °C of
difference between the surface and bottom. This difference increased
to 2.5 °C during the winter/dry period. The Chl-a concentration was
higher during the summer/wet, presenting values near 70 μg L−1 in
the transition zone and main channel of the reservoir. The DIC concen-
tration showed an opposite behavior compared to chlorophyll-a, with
m−2 day−1): (a) all validation dataset, (b) summer/wet period, and (c)winter/dry period.

Image of Fig. 5


Fig. 6. Comparison between simulated and measured water level at the dam: (a) summer/wet period, and (b) winter/dry period.
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higher values during the winter/dry period (near 8 mg L−1 in the
bottom of reservoir). In the supplementary material we provided two
videos showing the results of ELCDmodel simulations for the A-A’ tran-
sect (see Fig. 1 for location), one for the summer/wet period and other
for the winter/dry period.
4.2. Model validation and source of errors

Fig. 5 shows the comparison between the simulated (this study,
2013 year) and observed (Eletronorte data provided in the Balcar
project database, 2011–2012 year) FCO2 at different sampling sites and
seasons. Analyzing all the validation dataset (Fig. 5a), the simulated
FCO2 values showed good agreement with the measured values along
the Balcar project (R2 = 0.89, n = 20, p b 0.01) and, in average, the
model overestimated the simulated FCO2 (bias = 20 mg C m−2 day−1).
Fig. 7. Power spectra density analysis: (a) summ
The mean measured FCO2 was−1098 mg C m−2 day−1 while the mean
simulated FCO2 was−1119 mg C m−2 day−1, around 2% difference.

Analyzing the simulated periods separately, we can see that dur-
ing the summer/wet period (Fig. 5b), the model simulation showed
poor correlation with the observed data (R2 = 0.19, n = 10,
p b 0.01) and a consistent pattern in overestimation of the FCO2 by
around 400 mg C m−2 day−1. The mean observed FCO2 was
−300 mg C m−2 day−1 while the mean simulated FCO2 was
−700 mg C m−2 day−1. This poor correlation can be partially ex-
plained due to the fact that during the summer/wet season the FCO2
presents high spatial and temporal variability in Tucuruí reservoir
(see Sections 4.3 and 4.4) and the grid size used during the model
simulation (400 × 400 m = 160.000 m2) is much higher than the
footprint of the floating chambers used to measure the FCO2 in situ.

During thewinter/dry period (Fig. 5c), themodel simulation showed
a good correlation with the observed data (R2 = 0.92, n=10, p b 0.01)
er/wet period, and (b) winter/dry period.

Image of Fig. 7
Image of Fig. 6


Fig. 9. Mean diel variability of surface averaged FCO2 (mg C m−2 h−1): (a) summer/wet
period, and (b) winter/dry period.

Fig. 8. Daily integrated surface averaged FCO2 (mg C m−2 day−1): (a–b) summer/wet period, (c–d) winter/dry period.

687M.P. Curtarelli et al. / Science of the Total Environment 551–552 (2016) 676–694
and a tendency to underestimate FCO2 values higher than
1000 mg C m−2 day−1. The bias between observed and simulated
FCO2 values was −450 mg C m−2 day−1. The mean measured FCO2
was −1926 mg C m−2 day−1 while the mean simulated FCO2 was
−1476 mg C m−2 day−1.

Fig. 6 shows the comparison between measured and simulated
water level at dam, for each of the periods analyzed. For the summer pe-
riod the model showed a slight tendency to underestimate the water
level in the reservoir (Fig. 6a). The bias for the simulated water level
was 1.8m andRMSEwas 2m (NRMSE=16% of the range). For thewin-
ter/wet period, the model presented an opposite behavior to that seen
in the summer, with a slight tendency to overestimate the water level
(Fig. 6b). The bias of the simulated water level was 0.52 m and the
RMSE was 0.6 m (NRMSE = 9% of the range).

The differences observed between the measured and simulated
water level for the summer season can be explained by the fact that dur-
ing the simulations it was not considered the water inlets for smaller
tributaries (e.g., the Pucuruí river, Caraipé river, Lontra river, Bacurí
river, Jacundá river and Repartimento river). With respect to contribu-
tions from smaller tributaries during the summer period, it was found
that these can be as high as 300 m3 s−1 (unpublished data collected
by the UFRJ team in 10 smaller tributaries available in the project data-
base Balcar). For an average surface area of 2000 km2 this volume of
water corresponds to a water depth of 1.2 m (~67% of the resulting
bias). Theminor errors foundduring the simulation of thewinter period
can be primarily attributed to the fact that the flow of the smaller tribu-
taries decrease over the year resulting in the reduction of their influence
over the water balance (~100 m3 s − 1, unpublished data collected by
the UFRJ team in five smaller tributaries available on the project data-
base Balcar).

Other sources of errorwhich areworth to be highlighted for possible
improvements in future works are: (1) the simplification of phyto-
plankton and zooplankton communities of Tucuruí reservoir, consider-
ing only one algae group (cyanobacteria) and none zooplankton group
during themodel simulations; (2) themiss representation of the spatial
variability of meteorological variables over the reservoir surface, using
only the SIMA data to force the model; and (3) the miss representation
of reservoir bathymetry in some embayment, due to the lack of data
during the grid discretization (see Curtarelli et al., 2015b), which can
lead to unreliable estimates in these areas.

Image of Fig. 9
Image of Fig. 8
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4.3. Temporal variability of CO2 flux

To assess the temporal variability of FCO2 during the summer/wet
and winter/dry periods we performed a power spectral density (PSD)
analysis in the hourly time series of surface averaged FCO2 (Fig. 7). The
PSD analysis was performed using MatLab® program and the one-
sided PSD function which contains the total signal power in half the
Nyquist frequency. This analysis allowed identifying three well defined
peaks, with different magnitude and frequencies, which indicate a high
temporal variability within the seasons. The period of peakswas similar
in both seasons analyzed: (I) 6 days (7 × 10−3 cycles per hour (cph)),
(II) 4 days (1 × 10−2 cph) and (III) 1 day (3 × 10−2 cph).

Fig. 8 shows the daily integrated time series for the summer/wet
(Fig. 8a and b) and winter/dry (Fig. 8c and d) periods. As we observed
Fig. 10.Mean spatial variability of FCO2 (mg Cm−2 h−1) during the summer/wet period: (a) 00
in the PSD analysis, the daily integrated time series clearly show the
periodic signal with peaks at each 6–3 days. During the summer period
the surface averaged FCO2 ranged from −8429 mg C m−2 day−1 to
470 mg C m−2 day−1 with mean value of −1338 mg C m−2 day−1

(standard deviation (SD) ±1335 mg C m−2 day−1). Positive values of
FCO2 (i.e., carbon absorption by reservoir) were observed just in the
beginning of summer period and can be associated to the frequent
algae blooms which occur during this period of year. During the
winter/dry period the surface averaged FCO2 ranged from
−3790 mg C m−2 day−1 to −105 mg C m−2 day−1 with mean value
of −1395 mg C m−2 day−1 (SD ±925 mg C m−2 day−1). The mean
values of surface averaged FCO2 were quite similar in both seasons and
no significant difference was observed between the values (t = 0.34,
df= 160, p N 0.01). However, during the summer/wet period the daily
:00 LT, (b) 06:00 LT, (c) 12:00 LT and (d) 18:00. Isolines are at 0.5 mg Cm−2 h−1 interval.

Image of Fig. 10
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integrated values of FCO2 showed more variability than during the win-
ter period; the variation coefficient (VC = SD/mean) for summer/wet
time series was 100% while for winter/dry was 66%.

By grouping the daily integrated FCO2 using the nomenclature
established by Duchemin et al. (1995) (i.e., regular and above-average
emissions) we see that during the summer/wet season regular emis-
sions (i.e., less than half of mean value) occurs around 28% of time
while above average emissions (i.e., twice the mean) occurs just 6% of
the time. For the winter/dry season, regular emissions were observed
around 27% of the time and above-average emissions were observed
around 12% of the time.

At diel scale (Fig. 9) FCO2presented aquite variable pattern in both sea-
sons analyzed. During the summer (Fig. 9a) the FCO2 ranged, on average,
from −101 mg C m−2 h−1 to −24 mg C m−2 h−1 along the day with
Fig. 11.Mean spatial variability of FCO2 (mg C m−2 h−1) during the winter/dry period: (a) 00:0
meanvalue of−57mgCm−2 h−1 (SD±24mgCm−2 h−1). For this sea-
son, high FCO2 values (in absolute value)were typically observed between
the end of evening and night periods (from 21:00 h LT to 04:00 h LT)
while low values were observed during the afternoon (from 13:00 h LT
to 18:00 h LT). For thewinter period (Fig. 9b) the FCO2 ranged, on average,
from −105 mg C m−2 h−1 to −30 mg C m−2 h−1 along the day with
mean value of −58 mg C m−2 h−1 (SD ±28 mg C m−2 h−1). During
this season high FCO2 values were typically observed between the night
and morning periods (from 04:00 h LT to 12:00 h LT) while low values
were observed between afternoon (from 14:00 h LT to 18:00 h LT). For
both seasons analyzed the FCO2 showed to be more variable in the hours
of day in which the CO2 fluxes were low; during the summer days the
FCO2 showed a VC of around 180% during the afternoon while during the
winter days the FCO2 showed a VC of around 150% during the afternoon.
0 LT, (b) 06:00 LT, (c) 12:00 LT and (d) 18:00. Isolines are at 0.5 mg C m−2 h−1 interval.

Image of Fig. 11


Table 4
Summary of environmental variables selected to the correlation analysis.

FCO2 [Chl-a] [DIC] Tw RT kCO2 E H QLW pCO2 Patm SW Ta u10 Rh w* Fq uw* h

Summer/wet period
Mean −1338.2 5.2 4.1 29.9 21.8 2.1 −99.9 −14.6 −19.4 1139.0 998.7 193.1 26.9 2.5 78.2 3.5 × 10–3 1.7 × 10–7 3.5 × 10–3 1.3
Maximum −8429.3 11.3 4.5 31.1 30.5 5.6 −161.7 −31.6 −49.3 2785.0 1001.2 315.8 28.6 3.8 83.6 4.7 × 10–3 4.0 × 10–7 5.2 × 10–3 3.5
Minimum 469.6 1.2 3.8 28.8 3.3 0.4 −37.7 4.8 5.7 17.1 996.7 51.7 25.4 1.0 72.7 2.4 × 10–3 3.3 × 10–8 1.5 × 10–3 0.7
Standard
deviation

1334.6 2.9 0.2 0.7 6.8 0.9 25.8 4.7 8.4 699.4 1.0 56.8 0.7 0.6 2.5 4.4 × 10–4 6.7 × 10–8 7.5 × 10–4 0.4

Winter/dry period
Mean −1395.3 1.6 5.8 30.1 40.0 2.0 −152.8 −17.1 −52.2 1937.5 999.5 213.3 27.6 2.5 71.5 5.1 × 10–3 3.5 × 10–7 3.8 × 10–3 4.8
Maximum −3789.7 5.0 6.0 31.1 72.3 4.3 −206.0 −31.1 −78.8 2845.0 1002.4 299.6 28.8 4.1 78.1 8.6 × 10–3 1.0 × 10–6 6.2 × 10–3 17.6
Minimum −105.4 0.8 5.5 29.2 2.5 0.5 −95.5 8.2 22.5 920.0 997.1 109.0 25.9 1.1 62.3 3.3 × 10–3 8.9 × 10–8 1.9 × 10–3 1.1
Standard
Deviation

925.3 1.0 0.2 0.5 20.5 0.8 24.7 5.0 14.2 508.8 0.9 42.0 0.6 0.7 3.1 1.2 × 10–3 1.9 × 10–7 9.3 × 10–4 2.9
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4.4. Spatial variability of CO2 flux

To assess the spatial dynamics of FCO2 along the day and in the differ-
ent seasons we calculated the mean spatial distribution of FCO2 at
00:00 h LT, 06:00 h LT, 12:00 h LT and 18:00 h LT for each period ana-
lyzed (Figs. 10 and 11). During the summer/wet period (Fig. 10) the
FCO2 showed a quite regular behavior along the daywith the high values
(in absolute value) observed at the transition zone and main body of
reservoir and the low values observed at region near the dam and
littoral zone; the highest value (in absolute value) were observed in
the beginning of morning at transition zone where the FCO2 reached
values around−300 mg C m−2 h−1 (Fig. 10b). A strong and persistent
FCO2 gradientwas observed between the center ofmain body and littoral
zone along all day with an intensification of the gradient during the
night until the early morning (Fig. 10a and b). The highest spatial het-
erogeneity was observed in the beginning of morning (Fig. 10b) with
FCO2 reaching average values of −300 mg C m−2 h−1 (transition
zone), −110 mg C m−2 h−1 (main body), −96 mg C m−2 h−1 (dam
zone) and −50 mg C m−2 h−1 (littoral zone). Few areas with positive
FCO2 values (i.e., CO2 absorption by reservoir) where observed at littoral
zone during the day time in summer period (Fig. 10b, c, and d).

As observed during the summer/wet period, the FCO2 also showed a
regular behavior along the day during the winter/dry season, however,
with significantly smaller magnitude and range of variation (Fig. 11).
Furthermore, in opposite to the summer/wet spatial pattern, the high
FCO2 values (in absolute value) were observed at littoral zone during
the winter/dry season, reaching values around −60 mg C m−2 h−1in
the noon time (Fig. 11c). The THR showed a more homogeneous FCO2
Table 5
Correlation matrix between FCO2 and the pre-selected environmental variables for the summer

FCO2 [Chl-a] [DIC] Tw RT kCO2 E H QLW

FCO2 1.00
[Chl-a] −0.08 1.00
[DIC] −0.02 0.44 1.00
Tw 0.36 −0.39 −0.41 1.00
RT −0.18 0.09 0.18 0.02 1.00
kCO2 0.59 −0.17 −0.04 −0.10 −0.07 1.00
E 0.52 −0.30 −0.57 −0.50 0.33 0.59 1.00
H 0.51 −0.33 −0.46 −0.42 0.18 0.52 0.83 1.00
QLW 0.18 −0.26 −0.27 0.29 0.09 −0.02 0.31 0.44 1
pCO2 0.41 −0.37 0.18 0.73 0.38 0.12 0.69 0.61 0
Patm −0.15 −0.02 0.37 −0.34 −0.28 −0.06 −0.37 −0.20 −0
SW 0.28 −0.02 −0.16 0.25 0.09 0.12 0.36 0.42 0
Ta 0.04 −0.09 −0.05 0.23 0.03 0.00 −0.13 −0.04 0
u10 −0.04 −0.01 −0.09 0.15 0.01 0.82 0.04 0.12 −0
Rh −0.26 −0.04 0.09 −0.24 −0.11 −0.09 −0.28 −0.17 −0
w* 0.13 0.12 0.00 0.07 −0.06 −0.05 −0.05 −0.11 −0
Fq 0.09 0.18 0.04 0.19 −0.07 −0.06 −0.09 −0.11 −0
uw* −0.01 −0.01 −0.13 0.18 0.04 −0.08 0.01 −0.09 −0
h 0.10 0.32 0.38 −0.29 −0.17 −0.09 −0.32 −0.44 −0
when compared to the summer/wet spatial pattern; for winter/dry sea-
son the FCO2 gradient between transition zone and dam region is more
pronounced than the gradient between the pelagic and littoral zones.
These gradients, typically, increase during the night and morning
(Fig. 11a and b), reaching its maximum at the noon time (Fig. 9c) and
decreasing during the afternoon and evening (Fig. 11d). For the win-
ter/dry season the highest spatial heterogeneity was observed in the
noon time (Fig. 11c) with an average FCO2 around −54 mg C m−2 h−1

(littoral zone), −54 mg C m−2 h−1 (transition zone),
−51mg Cm−2 h−1 (main body) and−50mg Cm−2 h−1 (dam zone).

4.5. Environmental drivers of CO2 flux

This section presents the results of correlation analysis conducted
among the FCO2 and environmental variables conducted to identify key
meteorological forcing and physical processes governing the CO2 emis-
sions in THR. Table 4 shows the summary of FCO2 and 18 environmental
variables used in this analysis. Regarding the correlation analysis for the
summer/wet period, the correlation coefficient (r) ranged between
−0.26 and 0.59 (Table 5). The high positive correlation coefficients
with CO2 flux were observed for the following variables: kCO2, E, H,
pCO2, Tw, SW. Only the Rh showed a significant negative correlation
with the CO2 flux. The other variables showed a weak correlation with
the FCO2 (i.e., −0.2 b r b 0.2).

For the winter/dry period (Table 6) the correlation coefficient among
the FCO2 and the 18 environmental variables ranged between−0.26 and
0.52. The highpositive correlationwith theCO2fluxwere observed for the
following variables: Fq, w*, uw*, u10, kCO2, E, h. and H. On the other hand
/wet period.

pCO2 Patm SW Ta u10 Rh w* Fq uw* h

.00

.38 1.00

.14 −0.44 1.00

.51 0.32 −0.33 1.00

.19 0.08 −0.30 0.49 1.00

.15 0.03 −0.10 −0.08 0.05 1.00

.37 −0.28 0.35 −0.77 −0.74 0.08 1.00

.18 −0.03 0.08 −0.34 −0.34 0.56 0.34 1.00

.14 0.03 −0.15 −0.02 −0.04 0.71 0.01 0.59 1.00

.12 0.07 −0.13 −0.02 0.07 0.99 0.05 0.57 0.72 1.00

.25 −0.46 0.23 −0.44 −0.12 0.24 0.32 0.51 0.26 0.22 1.00



Table 6
Correlation matrix between FCO2 and the pre-selected environmental variables for the winter/dry period.

FCO2 [Chl-a] [DIC] Tw RT kCO2 E H QLW pCO2 Patm SW Ta u10 Rh w* Fq uw* h

FCO2 1.00
[Chl-a] −0.04 1.00
[DIC] −0.04 0.55 1.00
Tw 0.25 0.54 0.45 1.00
RT 0.07 −0.82 −0.91 −0.57 1.00
kCO2 0.47 −0.37 −0.49 −0.60 0.47 1.00
E 0.47 −0.14 −0.26 −0.27 0.18 0.74 1.00
H 0.36 0.07 0.20 −0.11 −0.21 0.38 0.55 1.00
QLW −0.12 0.19 0.31 0.44 −0.29 −0.38 −0.31 −0.23 1.00
pCO2 0.04 −0.15 0.85 0.30 −0.61 −0.42 −0.33 0.09 0.29 1.00
Patm 0.03 0.11 0.35 −0.04 −0.27 −0.05 −0.07 0.07 0.09 0.27 1.00
SW −0.26 0.02 −0.07 0.48 0.03 −0.35 −0.12 −0.37 0.30 −0.04 −0.17 1.00
Ta −0.21 0.01 −0.32 0.29 0.22 −0.15 −0.20 −0.82 0.18 −0.32 −0.20 0.46 1.00
u10 0.47 −0.37 −0.52 −0.64 0.49 0.94 0.84 0.37 −0.43 −0.50 −0.11 −0.32 −0.12 1.00
Rh 0.19 −0.03 0.13 −0.40 −0.07 0.32 −0.13 0.66 −0.22 0.14 0.09 −0.58 −0.78 0.28 1.00
w* 0.51 −0.29 −0.13 −0.66 0.25 0.60 0.46 0.37 −0.36 −0.09 0.05 −0.52 −0.36 0.64 0.34 1.00
Fq 0.52 −0.34 −0.25 −0.63 0.34 0.73 0.57 0.38 −0.39 −0.19 0.00 −0.35 −0.27 0.74 0.28 0.90 1.00
uw* 0.48 −0.36 −0.51 −0.64 0.48 0.95 0.84 0.40 −0.43 −0.49 −0.10 −0.34 −0.15 1.00 0.30 0.65 0.76 1.00
h 0.38 −0.28 −0.02 −0.52 0.19 0.39 0.23 0.26 −0.23 0.04 0.06 −0.35 −0.30 0.40 0.30 0.85 0.83 0.41 1.00
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SW, Tw and Ta showed low tomoderate negative correlationwith FCO2. The
other variables showed weak or no correlation with FCO2.

Among the variables that can directly explain the variation of FCO2
flux in the THR, we highlighted the kCO2. The kCO2, in turn, can be ex-
plained by the surface wind speed and stability of the water column.
In this case, the wind speed was the most correlated variable with the
kCO2 in both period (r N 0.80). Regarding the stability of the water col-
umn, calculated as a function of water temperature, kCO2 and Tw were
significantly correlated only during the winter period (r = −0.60),
indicating that the thermal structure of the column water does not in-
fluence significantly the CO2 emissions during the summer period.
This was expected, considering the mixed water column observed
throughout the summer/wet (i.e., near the neutral stability) and strati-
fied during the winter/dry (i.e., stable water column) (see Fig. 5).
4.6. Global emission estimates

The cumulative emission of diffusive CO2 along 2013 estimated
using the simulated time series of FCO2 and daily values of surface area
is shown in Fig. 12. The global estimate resulted in a total of
1.1 Tg C year−1 emitted along 2013 year. As comparison to our estimate,
we plotted the following estimates, based on literature data: (1) fix
emission rate (−2950 mg C m−2 day−1 and surface area (2430 km2)
(Fearnside (1995)); (2) fix emission rate (−2950 mg C m−2 day−1,
Fearnside (1995)) and variable surface area computed in this study;
(3) fix emission rate (−2311 mg C m−2 day−1) and surface area
Fig. 12. Global estimates of diffusive CO2 emission (Tg C year−1) f
(2430 km2) (Santos et al. (2006)); (4) fix emission rate
(−2311 mg C m−2 day−1, Santos et al. (2006)) and variable surface
area computed in this study; (5) fix emission rate (−870 mg C m−2-

day−1, Brazil/MME (214)) and surface area (2430 km2); and (6) fix
emission rate (−870 mg C m−2 day−1, Brazil/MME (2014)) and vari-
able surface area computed in this study. The global estimates were
2.6 Tg C year−1, 2.1 Tg C year−1, 2.1 Tg C year−1, 1.7 Tg C year−1,
0.8 Tg C year−1 and 0.6 Tg C year−1, respectively. As we can observe
by comparing the estimates (1) with (2), (3) with (4) and (5) with
(6), just the inclusion of a variable surface area contributed to reduce
the estimates around 18%.

Comparing the results obtained in this study (1.1 Tg C year−1,
including the FCO2 and surface area dynamics) to the estimates available
in the literature, we observed that our estimates was around 57% lower
than the one calculated using Fearnside’ data (2.6 Tg C year−1), 46%
lower than the one reported by Santos et al. (2006) (~2.1 Tg C year−1)
) and 27% higher than the one reported by Brazil/MME (2014)
(0.8 Tg C year−1).
5. Discussion and main conclusions

5.1. Comparison with previous studies in Tucuruí reservoir

During the last two decades Tucuruí dam and its reservoir was the
focus of a warm discussion in the literature (Rosa and Schaeffer, 1995;
Fearnside, 1995; Fearnside, 2002; Rosa et al., 2006) regarding its total
rom THR and comparison with previous published estimates.

Image of Fig. 12


Table 7
Comparison with previous studies conducted at Tucuruí reservoir. Negative values indicate CO2 evasion from reservoir.

Source Flux
type

Period/year # of
samples

# of sampling
sites

Sampling method Mean FCO2
(mg C m−2 day−1)

Max; Min
(mg C m−2 day−1)

Fearnside (1995) Da, Eb 1990 – – Literature review −2950c (D + E) –
Rosa et al. (2004) and Santos
et al. (2006)

D, E June/1998 23 (D)
10 (E)

4 (D)
5 (E)

Float chambers and funnels −2845 (D)
−0.04 (E)

−38,924; −358 (D)
−0.26; 0.000 (E)

Rosa et al. (2004) and Santos
et al. (2006)

D, E June/1999 20 (D)
6 (E)

8 (D)
2 (E)

Float chambers and funnels −1777 (D)
−0.02 (E)

−8807; −125 (D)
−0.1; −0.01 (E)

Brazil/MME (2014)d D, E July/2011 1 (D)
3 (E)

51 (D)
36 (E)

Float chambers and funnels −1009 (D)
−0.16 (E)

−1215; −810 (D)
−0.23; −0.1 (E)

Brazil/MME (2014) D, E November/2011 1 (D)
3 (E)

51 (D)
36 (E)

Float chambers and funnels −927 (D)
−0.22 (E)

−1026; −702 (D)
−0.32; −0.11 (E)

Brazil/MME (2014) D, E January/2012 1 (D)
3 (E)

51 (D)
36 (E)

Float chambers and funnels −873 (D)
−0.03 (E)

−999; −640 (D)
−0.1; 0 (E)

Brazil/MME (2014) D, E April/2012 1 (D)
3 (E)

51 (D)
36 (E)

Float chambers and funnels −600 (D)
−0.05 (E)

−675; −513 (D)
−0.1; −0.01 (E)

This study D Summer/2013 – 47,128 grid cells 3-D modeling −1338 (D) −8429; 470 (D)
This study D Winter/2013 – 47,128 grid cells 3-D modeling −1395 (D) −3790; −105 (D)

a D: Diffusive flux.
b E: Ebullitive flux.
c The value presented by Fearnside (1995), 9.45 × 106 ton. CO2 per year, was converted in units of mg Cm−2 day−1 using a superficial reservoir area of 2430 km2 and C/CO2 converting

factor of 0.2727.
d The data presented by Brazil/MME (2014), in CO2 units, were converted by C units using a multiplying factor of 0.2727.
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C emission and its possible contribution to climate changes. To better
clarify this issue, the THR was subject of several scientific projects
along this period. Table 7 presents a summary of studies which investi-
gated the diffusive CO2 emission from THR. By comparing our results to
those reported by Fearnside (1995); Rosa et al. (2004); Santos et al.
(2006) and Brazil/MME (2014) we can observed a clear decrease
trend in the FCO2 with the reservoir age. A regression analysis between
FCO2 and reservoir age showed a significant logarithm relation (R2 =
0.7) (Fig. 13). It is consistent with the findings of Barros et al. (2011),
which compiled information from more than 80 hydroelectric reser-
voirs around theworld and also found a logarithm relation between res-
ervoir age and CO2 emissions.

The difference between FCO2 estimated by Fearnside (1995) (refer-
ence year 1990) and by our study (reference year 2013) is around
1600 mg C m−2 day−1, which indicates a reduction of 54% between
1990 and 2013. The decay rate was higher between 1990 and 1999,
when the FCO2 decreased around 130 mg C m−2 day−1 per year; be-
tween 1999 and 2013 the FCO2 decreased around 30 mg C m−2 day−1

per year. Much of the decay observed in the FCO2 along the years can
be explained by the consumption of fixed carbon sources, such as the
trees killed by flooding the reservoir and stocks of carbon in the soil
(Fearnside and Pueyo, 2012).

5.2. Implications for global carbon assessment of Amazonian reservoirs

In this study we showed that the inclusion of spatial and temporal
dynamics of FCO2, as well as, the inclusion of surface area dynamic
Fig. 13. Relation between THR age (years) and FCO2 (mg C m−2 day−1).
along the year has a great impact on the estimates of diffusive CO2 emis-
sion from THR. As THR is one of the main reservoirs located within
Amazon region, accounting for nearly 30% of total of the carbon emitted
as CO2 by Amazonian reservoirs, we highlight that our results will im-
pact significantly the estimates of carbon emission from all Amazonian
hydroelectric reservoirs.

A recent global estimative of carbon emission from hydroelectric
reservoirs indicates that the reservoirs located at Amazonian region
emit a total of 9 Tg C year−1, being 8 Tg C emitted as CO2 and 1 Tg C
as CH4 (Barros et al., 2011). This estimatewas based on literature review
and considered studies conducted at 6 different reservoirs: 5 located
within the International Amazon (Balbina, Curua-Uná, Petit Saut,
Samuel and Tucuruí) and 1 located out of International Amazon bound-
ary (Gatun Lake). In this study, the quantification of the total carbon
emission was done by multiplying the average areal flux of each gas
(−1518 mg C m−2 day−1 for CO2 and −186 mg C m−2 day−1 for
CH4, see Table S2 in the supplementary information from Barros et al.
(2011)) by the area covered by the reservoirs (considered to be equal
2 × 104 km2, ICOLD (2003)).

Taking into account the results obtained in our study, we argue that
the global carbon emission reported by Barros et al. (2011) are exces-
sively overestimated due to improper handling of the data in their cal-
culations and for not accounting the dynamics of FCO2 and reservoir
surface area changes along the year. First, Barros et al. (2011) included
repeated information to compute the average areal flux; Tucuruí and
Samuel reservoirs reviews, for example, included two different studies
which published the same dataset collected between 1998 and 1999
(Rosa et al., 2004; Santos et al., 2006). Second, the authors not consid-
ered theCO2fluxdata available for Balbina reservoir (76mmol CO2m−2-

day−1) (Guérin et al., 2006). The authors included considered reservoirs
of different ages to compute the mean areal FCO2, ignoring the natural
decay of CO2 emissions. Finally, they included the Gatun Lake (located
outside the Amazonian boundary) in their estimative (see Tables S1
and S2 in the supplementary information from Barros et al. (2011)).

Based on the above, we re-calculated the global carbon emission
from Amazonian hydroelectric reservoirs using the mean value of FCO2
simulated for THR in this study (−1366 g C m2 day−1), which is a
more recent value compared to that reported by Santos et al. (2006).
We also excluded the repeated values of the areal CO2 and CH4 flux
for Samuel reservoir and Gatun Lake data, and included the value of
areal CO2 flux of Balbina reservoir, provided by Guérin et al. (2006).
All FCO2 data was updated to 2013 using the relation observed between

Image of Fig. 13
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FCO2 and age in THR in this study (see Fig. 13). As result we found that
the average areal flux of the Amazonian hydroelectric reservoirs is
around −1400 mg C m2 day−1 for CO2 and −166 mg C m2 day−1 for
CH4. Taking into account the total area covered by Amazonian hydro-
electric reservoirs, about 2×104 km2,we estimate that the carbon emis-
sion fromAmazonian hydroelectric reservoirs is near to 8.6 Tg C year−1,
being 7.7 Tg C year−1 as CO2 and 0.9 Tg C year−1 as CH4 (not consider-
ing the surface area variation along the year). This value is 5% lower than
the value reported by Barros et al. (2011). However, if we consider the
variation of surface area along the year this estimative can be even
smaller. As we showed in the results section, the inclusion of variable
surface area along the year can impact the total emission by around
18%. Assuming that the Amazonian hydroelectric reservoirs shows a
similar operational behavior to that observed in THR we speculate
that the global carbon emission from Amazonian hydroelectric reser-
voirs could be about 7 TgC year−1, a value 22% lower than the estimated
by Barros et al. (2011).

As showed in this study, the inclusion of spatial and temporal
variability of FCO2, as well as the dynamics of surface area along the
year brings new insights about the carbon emissions and the role of
Amazonian hydroelectric reservoirs in the terrestrial carbon cycle. We
consider that the methodological approach used in this study of an the
integrated use of 3-D ecological model, telemetric in situ data and
remote sensing observations can fill important gaps associated with
spatial and temporal under sampling sometimes observed in conven-
tional data collection used to study carbon emissions from large water
bodies as those in the Amazon. Our approach reveals a significant differ-
ence (~35%) in relation to those published in the literature (e.g., Santos
et al. (2006) and Barros et al. (2011)). This significant difference should
not be neglected in the future carbon inventories of Amazonian reser-
voirs, since the carbon emission is a key factor when comparing the
environmental impacts of different sources of electricity generation
and can influence decision makers in the selection of more appropriate
source of electricity and, in case of hydroelectricity, the geographical
position of the reservoirs.
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