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Abstract. In contrast to its small surface area, the coastal
zone plays a disproportionate role in the global carbon cycle.
Carbon production, transformation, emission and burial rates
at the land—ocean interface are significant at the global scale
but still poorly known, especially in tropical regions. Surface
water pCO, and ancillary parameters were monitored dur-
ing nine field campaigns between April 2013 and April 2014
in Guanabara Bay, a tropical eutrophic to hypertrophic semi-
enclosed estuarine embayment surrounded by the city of Rio
de Janeiro, southeast Brazil. Water pCO; varied between 22
and 3715 ppmv in the bay, showing spatial, diurnal and sea-
sonal trends that mirrored those of dissolved oxygen (DO)
and chlorophyll a (Chl a). Marked pCO, undersaturation
was prevalent in the shallow, confined and thermally strati-
fied waters of the upper bay, whereas pCO, oversaturation
was restricted to sites close to the small river mouths and
small sewage channels, which covered only 10 % of the bay’s
area. Substantial daily variations in pCO, (up to 395 ppmv
between dawn and dusk) were also registered and could be
integrated temporally and spatially for the establishment of
net diurnal, seasonal and annual CO; fluxes. In contrast to
other estuaries worldwide, Guanabara Bay behaved as a net
sink of atmospheric CO», a property enhanced by the con-
comitant effects of strong radiation intensity, thermal strat-
ification, and high availability of nutrients, which promotes
phytoplankton development and net autotrophy. The calcu-
lated CO» fluxes for Guanabara Bay ranged between —9.6
and —18.3molCm~2yr—1, of the same order of magnitude
as the organic carbon burial and organic carbon inputs from
the watershed. The positive and high net community produc-
tion (52.1 mol C m~2 yr—1) confirms the high carbon produc-

tion in the bay. This autotrophic metabolism is apparently
enhanced by eutrophication. Our results show that global
CO3 budgetary assertions still lack information on tropical,
marine-dominated estuarine systems, which are affected by
thermal stratification and eutrophication and behave specifi-
cally with respect to atmospheric CO».

1 Introduction

The increase in atmospheric CO, concentrations in the last
decades is of global concern, mainly due to global atmo-
spheric temperature increases (Allen et al., 2009; Matthews
et al., 2009) and ocean acidification (Doney et al., 2009). The
oceans are known to act as the major sink of atmospheric
CO3, with well-quantified air-sea exchange and uptake of
excess anthropogenic CO, (Takahashi et al., 2002; Sabine
et al., 2004; Orr et al., 2005). The coastal ocean, however, is
still subject to controversy and is poorly understood due to its
intrinsic intra- and inter-specific heterogeneity. Some of the
reasons for these uncertainties include the lack of sufficient
studies covering the spatial and temporal variability with a
common standardized sampling strategy and methodology
and the manifold diverse ecosystem types (estuaries, deltas,
embayments and coastal lagoons) affected by multiple exter-
nal and internal sources (Gattuso et al., 1998; Borges, 2005;
Chen et al., 2013; Cloern et al., 2014). Despite the small
surface area of the coastal ocean of about 7 % of the global
ocean, it exerts a disproportionately large influence upon the
carbon cycle, especially on the role of primary production,
remineralization and sedimentation of organic matter (Gat-
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tuso et al., 1998; Wollast, 1998). Coastal ecosystems receive
material from land via river inputs, submerged groundwater
discharge, and atmospheric deposition, as well as from the
adjacent open ocean. The climatological regime has great in-
fluence over these areas, and contributes to the great vari-
ability in biogeochemical processes in space and time. In
addition, approximately 37 % of the human population lives
within 100 km of the coastline (Cohen et al., 1997), making
this area subject to intense human impact upon the marine
environment, including enhanced loading of nutrients, sus-
pended matter, organic and inorganic matter with associated
pollutants, and also overfishing (Bauer et al., 2013).

Several authors have demonstrated that the CO, emissions
from estuaries are globally significant (Borges and Abril,
2011; Chen et al., 2013). Total ecosystem respiration gener-
ally exceeds gross primary production in most estuaries (Gat-
tuso et al., 1998), which are net heterotrophic and sources
of atmospheric CO; (Borges and Abril, 2011; Cloern et al.,
2014). The Land-Ocean Interactions in the Coastal Zone
(LOICZ) programme budgetary assertions of more than 250
estuaries and lagoons have also shown that most of them are
heterotrophic or may have a balanced metabolism (Knop-
pers, 1994; Smith et al., 2010). CO, outgassing in most
sectors of the estuaries is supported by the inputs of CO,-
enriched freshwaters, as well as by the CO generated in the
estuarine system itself, by planktonic and benthic net het-
erotrophy, and by CO» advection from salt marshes and man-
groves (e.g. Borges and Abril, 2011; Cai, 2011). On the other
hand, low-pCO; waters and autotrophic metabolism have
been observed in some estuarine plumes but with a small
percentage of the surface area when compared to the fresh-
water influence (Borges and Abril, 2011). As more systems
are being included in the budgeting effort, the global estu-
arine CO; emission estimate at the air-water interface has
been declining (Borges and Abril, 2011; Guo et al., 2012;
Chen et al., 2013; Huang et al., 2015). The pioneer esti-
mate of the CO, released by estuaries was 0.51Pg Cyr~1
(Borges, 2005) and the latest estimate has been adjusted to
0.094Pg Cyr~1. (Chen et al., 2013). In fact, the first budgets
were based on data in systems generally located in temper-
ate regions which were river-dominated, macrotidal and tur-
bid (Borges, 2005; Borges and Abril, 2011). The more recent
estimate includes a set of new data from estuaries located in
low-wind regions and the Arctic Ocean, which contributed to
the decrease in the carbon released (Chen et al., 2013). Ad-
ditionally, Jiang et al. (2008) demonstrated that pCO> can be
significantly lower in marine-dominated estuaries than river-
dominated ones, and according to Maher and Eyre (2012),
marine-dominated estuaries with low freshwater influences
can be CO3 sinks.

In tropical regions, the spatial coverage of CO; fluxes
of estuaries is still scarce. However, the limited number of
available studies suggest that tropical estuaries are generally
sources of CO; to the atmosphere (Souza et al., 2009; Sarma
et al., 2012; Araujo et al., 2014), with the exception of one
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lagoon (Koné et al., 2009). Also, most studies are potentially
biased by the lack of information on the diurnal variations in
CO3, which corresponds to a crucial component of mass bal-
ance calculations (Borges and Frankignoulle, 1999; Zhang et
al., 2013; Maher et al., 2015).

The CO; budgets of coastal ecosystems may also be al-
tered by eutrophication generated by the anthropogenic nu-
trient inputs from sewage and fertilizer usage in agriculture,
which has become a widespread water quality issue (Nixon,
1995; Cloern, 2001). The consequences of eutrophication,
like the development of excessive algal blooms, toxic algae,
loss of submerged aquatic vegetation and increase in hypoxia
and anoxia, have been well documented (Bricker et al., 2003;
Rabalais et al., 2009). However, the influence of eutrophi-
cation per se on the CO2 budgets is poorly documented. In
fact, the response of estuarine metabolism to eutrophication
seems to be system-type-specific. Some papers have deter-
mined that eutrophication can amplify autotrophy and favour
CO3 uptake (Gypens et al., 2009), while others have shown
that eutrophication can reinforce heterotrophy and CO; de-
gassing (Sarma et al., 2012; Chou et al., 2013; Wallace et al.,
2014).

The present study addresses the question of whether a
tropical, marine-dominated, and eutrophic estuarine system
— Guanabara Bay (southeast Brazil) — is a sink or a source
of atmospheric CO;. The bay, surrounded by the city of Rio
de Janeiro, is the second largest Brazilian estuarine embay-
ment (Kjerfve et al., 1997). The system is one of the most
degraded estuaries worldwide. The waters of Guanabara are
eutrophic to hypertrophic (according to the classification of
Nixon, 1995) and provide ideal conditions to assess the re-
sponse of aquatic CO2 metabolism under marked eutrophi-
cation. CO, fluxes at the air-water interface of Guanabara
Bay were estimated with continuous monitoring of surface
water pCO», taking into account different temporal (daily
and seasonal) and spatial scales. Our results show a very dif-
ferent behaviour in terms of carbon cycling of Guanabara
Bay compared to previously documented estuaries, with ex-
tremely low values of pCO> and a net uptake of atmospheric
CO3 annually.

2 Material and methods
2.1 Study site

Guanabara Bay (22°41'-22°58'S, 43°02'-43°18' W) is lo-
cated on the southeastern coast of Brazil, in the southwest
Atlantic, and embedded within the metropolitan area of Rio
de Janeiro, the second most densely populated region of
the Brazilian coast (Fig. 1). The bay has a surface area of
384km?, a mean depth of about 5.7m, and a volume of
1870 x 10% m3. The main subaqueous channel runs from the
bay’s 1.8 km wide entrance, with depths varying from 25 to
50 m up to 6 km inwards and along 24 km to the upper 20 km
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Figure 1. Map of Guanabara Bay. Dark grey indicates the urban-
ized areas. Green areas represent the mangrove localization. Black
points represent the locations of the discrete sampling, black lines
are isobaths, red squares represent the locations of the airports with
the meteorological stations, and blue lines delimit the different sec-
tors in the bay (S1 to S5).

wide bay, with depths down to about 2 to 3m. The lateral
portions of the bay feature small bays, with depths of about
2m. It is a partially mixed estuarine embayment (Kjerfve et
al., 1997), being completely mixed in wintertime but able to
exhibit stratified conditions in summertime due to concomi-
tant effects of sunlight (thermal stratification) and freshwater
discharge (haline stratification), mostly in the central and in-
ner regions (Bérgamo, 2010).

The bay is subject to a semi-diurnal microtidal regime,
with an annual mean of 0.7m and spring tides attaining
1.3m. With the exception of the entrances of small rivers,
salinities vary between 25 and 34. The time for renewal of
50 % of the total water volume is 11.4 days and water cir-
culation is complex, as currents are modulated by tide and
abrupt changes in the geomorphological configuration (Kjer-
fve et al., 1997). Circulation between the central and upper
western regions is hampered by the presence of a large island
(Governador Island, Fig. 1). At the bay’s mouth, maximum
water velocities vary between 0.8 and 1.5ms~! and seawa-
ter residence time is much shorter than in most inner regions,
particularly behind Governador Island, where maximum cur-
rent velocities are less than 0.3ms™! (Kjerfve et al., 1997).

Guanabara Bay is located in the intertropical zone, and
its climate is subject to variability in both the annual tem-
perature and precipitation regimes. The weather is tropical
and humid (Bidone and Lacerda, 2004), with a warm and
wet summer in October—March, and a drier winter in April-
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September. The most frequent winds in the bay from the
north and northeast in spring and summer, with monthly av-
erage velocity of 5ms—t. Winds from the south and south-
east are associated with polar cold weather fronts, which are
more common in autumn and winter (Amarante et al., 2002).

The drainage basin has an area of 4080 km? and includes
35 small rivers and streams, 6 of which flow into the upper
region of the bay and contribute up to 85 % of the total runoff
to the bay. The average annual freshwater water discharge to
the bay is 100 + 59 m3s~! and ranges from around 40 m3s—1
in winter to 190m3s~1 in summer. Annual freshwater dis-
charge is 9 times smaller than the bay’s volume, which also
contributes to the two-layered gravitational circulation (the
ebb—flood oscillatory tidal current), resulting in the predom-
inant saline (i.e. polyhaline) character of the waters (Kjerfve
etal., 1997).

More than 7 million inhabitants discharge 25m3s—1 of
untreated domestic wastewaters into the bay (Kjerfve et al.,
1997; Bidone and Lacerda, 2004), which contributes to a
load of about 465 t day—! of organic matter (FEEMA, 1998).
Small channels directly connected to sewage outlets are com-
pletely anoxic, but these represent less than 5% of the sur-
face area of the bay. More intense cultural eutrophication
since the 1950s (Borges et al., 2009) has also contributed to
hypoxic conditions of bottom waters in some of the more
confined lateral and upper regions of the bay (Paranhos et
al., 1998; Ribeiro and Kjerfve, 2002). Fluxes of phospho-
rus are currently 9 times higher than those estimated since
the late 1800s (Borges et al., 2009). According to Godoy et
al. (1998), sedimentation rates have increased up to 14 times
over the last 50 years, in parallel with a 10-fold increase in
the flux of organic matter to the sediments (Carreira et al.,
2002).

In this study, five sectors were defined for the treatment,
computations and interpretation of the data (Fig. 1). Sector
one (S1) corresponds to the region up to 3km inwards from
the narrow and deeper tidal channel, is characterized by a
maximum of seawater exchange and material dispersion, and
is partially mixed. Sector two (S2), located towards the west-
ern part of the bay, is delimited to the north by Governador
Island, which creates a barrier for direct tidal advection of
waters into the upper northwestern area of the bay. It is one of
the most contaminated areas of Guanabara Bay. Sector three
(S3) corresponds to the deeper channel which connects S1
(i.e. the bay’s outlet to the South Atlantic) with the upper re-
gion. Sector four (S4), in the upper northeastern part of the
bay, is shallow, moderately impacted and bordered by 90 km?
of mangrove forest and non-urbanized land. Sector five (S5)
is the most confined area of the bay, located to the north-
west and behind Governador Island. It is shallow, has the
longest residence time of waters, and also receives signifi-
cant amounts of sewage waters. The small western channel
connecting S2 and S5 was disregarded in our analysis, due
to its difficult access and extreme degree of contamination.
However, it covers less than 10 % of the entire sampled area.
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2.2 Sampling strategy

Nine sampling campaigns were performed with a frequency
varying between 30 and 45 days from April 2013 to
April 2014. Each campaign consisted in continuous mea-
surements of the partial pressure of CO; (pCO>), salinity,
temperature, Chl @, DO, pH and GPS position, all at a fre-
quency of 1 min. Subsurface (~30cm) water was pumped
alongside the boat. In addition to the spatial screening, the
diurnal variations in water pCO, were estimated on four oc-
casions within the upper and most eutrophic sectors (S4 and
S5), and also once in S1, by performing lateral trajectories
back and forth across the sectors from dawn (04:30) to af-
ternoon or dusk (at the latest until 21:30). Diurnal measure-
ments were made in August 2013 and January 2014, Febru-
ary and April 2014 (S4 and S5), and April 2014 (S1).

In addition, discrete sampling was performed at 16 to 19
stations along the continuous tracks (Fig. 1), except in De-
cember 2013, when only 8 stations could be sampled due
to logistical problems. Water samples were collected in sub-
surface waters at ~30cm depth with a Niskin bottle, and
then conditioned (i.e. fixed and/or kept on ice in the dark)
for further chemical analysis in the laboratory. Vertical pro-
files of temperature, salinity, fluorescence and DO were per-
formed at all discrete stations with an YSI 6600 V2 multipa-
rameter probe.

2.3 Analytical procedures
2.3.1 Discrete parameters

Total alkalinity (TA) was determined on 10 mL of filtrate
from GF/F filtered samples, using the classical Gran (1952)
electro-titration method with an automated titration system
(Metler Toledo model T50). The reproducibility of TA was
4umol kg™t (n = 7). Measurements were compared to cer-
tified reference material (CRM, provided by A. G. Dickson
from Scripps Institution of Oceanography) and consistent at
amaximum precision level of +7 umol kg~L. Dissolved inor-
ganic nitrogen (ammonia, nitrite, and nitrate) and phosphate
were quantified as in Grasshof et al. (1999) and Chl a as in
Strickland and Parsons (1972). Whatman GF/F filters were
used for the Chl a analyses and the filtrate for the nutrient
analyses. All water samples were kept in the dark and on ice
during transport to their respective laboratories and nutrient
samples and Chl « filters were kept at —18°C in a freezer
prior to analyses.

2.3.2 Online parameters

Continuous measurements of temperature, salinity, fluores-
cence and DO were performed with a calibrated YSI 6600 V2
multiparameter probe inserted in a flow-through customized
acrylic chamber. The values of the fluorescence sensor were
correlated with the discrete analysis of Chl a to derive a con-
version factor. pH was measured continuously with a WTW
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3310 pH meter equipped with a Sentix 41 electrode, which
was also inserted in the chamber, and calibrated with a three-
point standard (pH 4.01, pH 7.00 and pH 10.01) accord-
ing to the National Institute of Standards and Technology
(NIST) before each sampling campaign. The precision of the
pH measurements was about 0.01 (after seven verifications
against standards). As we have overdetermined the carbon-
ate system (pCO>, pH, and TA), we have chosen to use di-
rect pCO, measurements and TA to calculate DIC. The pH
measurements only served for a quality check. pCO2 was
measured using one marble-type equilibrator, through which
seawater flowed (1-2L min—1) from the top to the bottom
of the cylinder filled with marbles and air was pumped up-
wards (1 L min~1) (Frankignoulle et al., 2001; Abril et al.,
2006). The air in the equilibrator was dried before passing to
a non-dispersive infrared gas analyser (LI-COR®, type LI-
820). We used three gas mixture standards (pCO, of 410,
1007 and 5035 ppmv) to calibrate the LI-820 before each
sampling (White Martins Certified Material, RJ, Brazil). We
used Ny passing through fresh soda lime to set the zero,
and we used the standard at 1007 ppmv to set the span. We
used the 410 and 5035 ppmv standards to check for linearity.
Around seven verifications were performed after each cali-
bration. The L1-820 signal was stable and linear in the range
of calibration and observations in the field (0-5000 ppmv).
We also verified the drift before and after each sampling cam-
paign. The partial pressure of atmospheric CO, was mea-
sured in dry air twice a day, at the start and the end of the
continuous runs. The precision and the accuracy of the pCO»
measurements were about 3 and 5 ppmv, respectively.

Solar radiation, wind velocity (U10), accumulated precipi-
tation and atmospheric temperature were recorded in the me-
teorological stations of Santos Dumont and Galedo airports
(red squares in Fig. 1) and were provided by the Brazilian In-
stitute of Aerial Space Control (ICEA). The data sets of solar
radiation (Rs) were converted into daily-averaged photosyn-
thetically active radiation (PAR) using a conversion factor
PAR/Rs of 0.5 (Monteith, 1977).

2.3.3 Calculations
The carbonate system

Dissolved inorganic carbon (DIC) was calculated using
two different pairs of measured parameters: pCO,-TA
and pH-TA using the carbonic acid constants sets pro-
posed by Mehrbach et al. (1973) refitted by Dickson and
Millero (1987), the borate acidity constant from Lee et
al. (2010), and the CO, solubility coefficient of Weiss (1974).
Calculations were performed in the CO2calc 1.2.9 program
(Robbins et al., 2010). Both calculations gave very consis-
tent DIC concentrations at 6.5 umol kg~—. DIC calculated
from pCO,-TA and pH-TA pairs gave an excellent agree-
ment (slope: 1.008; R =0.995). The slope was not sta-
tistically different from 1 (p = 0.20) and the intercept was
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not significantly different from 0 (p = 0.86). The excess of
DIC (E-DIC, umol kg~1) was calculated as the difference be-
tween the in situ DIC (DIC in situ, pmol kg=?1) and a the-
oretical DIC at atmospheric equilibrium (DIC equilibrium,
pmol kg—1) according to Abril et al. (2003). The DIC equilib-
rium was calculated from observed TA and the atmospheric
pCO2 measured in the bay. The apparent oxygen utiliza-
tion (AOU, umol kg~1) was calculated from the tempera-
ture, salinity and DO concentrations measured continuously
with the probe and the theoretical DO saturation (Benson and
Krause, 1984).

Diffusive air-sea CO; fluxes were computed from pCO»
measured in the water and the atmosphere and a gas trans-
fer velocity derived from wind and other physical drivers.
We used the k& wind parameterizations of Raymond and
Cole (2001) and Abril et al. (2009), which are gas exchange
coefficients specific for estuarine waters. The Raymond and
Cole (2001) (RCO1) equation is based on the compilation of
gas transfer velocities derived from tracers applied to nine
rivers and estuaries, using only wind speed as an entry pa-
rameter. The Abril et al. (2009) (AQ9) relationship is based
on chamber flux measurements in seven estuaries, and uses
wind speed, estuarine surface area, and water current veloc-
ity as entry parameters. We also calculated the fluxes with
the parameterization of Wanninkhof (1992) (W92), which
was initially developed for open ocean waters. The gas trans-
fer coefficients normalized to a Schmidt number of 600 ob-
tained with the three parameterizations were then converted
to the gas transfer velocity of CO» at in situ temperature and
salinity following the procedure of Jahne et al. (1987). Fluxes
were computed for each sector of Guanabara Bay, using wa-
ter pCO» representative for diurnal and seasonal variations.

The net community production (NCP)

The NCP was calculated by the changes in dissolved inor-
ganic carbon (DIC) obtained from a set of lateral trajectories
performed back and forth from dawn to dusk. As such, sam-
pling addressed different times of the day at similar locations
and NCP was computed from the diurnal DIC variations ac-
cording to the following equation:

NCP = ((DIC; — DICy)pd)/ At — FCO,, 1)

where NCP is in mmol m~2 hl, DIC; and DIC; represent the
salinity-normalized concentration of dissolved inorganic car-
bon (mmol kg~1) during two consecutive trajectories (from
dawn to dusk), p is the seawater density (kgm=3), d is the
average depth (m) of the area, ¢ represents the time interval
(hours) and FCO; is the carbon dioxide flux (mmolm=2h—1)
across the water—-atmosphere interface. The computations
were carried out with the mean values of DIC during each
trajectory.
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Temperature and biological effect on pCO; variations

The temperature vs. biological effect on pCO, variations
in Guanabara Bay was verified using the Takahashi et
al. (2002) approach. The relative importance of the temper-
ature and biological effects can be expressed as a ratio be-
tween both the temperature and the biology effect. The bio-
logical component is estimated by the seasonal amplitude of
the temperature-normalized pCO> and the temperature com-
ponent is characterized by the seasonal amplitude of the an-
nual mean pCO; corrected for the seasonal temperature vari-
ation. The following equations were applied (Takahashi et
al., 2002):

pCO2 at Tmean = pCO20ps x eXP[0.0423(Timean — Tobs)]

(variations driven by biological effect), 2
pCO; at Tops = pCO2mean x €XP[0.0423(Tobs — Tmean)]
(variations driven by thermodynamic effect); ?3)

where T is the temperature in °C, and the subscripts “mean”
and “obs” indicate the annual average and observed values,
respectively. These equations were applied to summer and
winter conditions as a whole. The biologic effect on the sur-
face water, pCO, value, (ApCQO>)Bio, is represented by the
seasonal amplitude of pCO, values corrected by the mean
annual temperature, (pCO2 at Trean), Using Eq. (1):

(ApCO2)Bio = (pCO; at Tmean)max
— (pCO2 at Tmean)min, 4)

where the subscripts “max” and “min” indicate the seasonal
maximum and minimum values. The effect of temperature
changes on the mean annual pCO; value, (ApCOz)temp, is
represented by the seasonal amplitude of (pCO; at Tops) val-
ues computed using Eg. (2):

(ApCO2) Temp = (pCO; at Tobs)max
— (pCO; at Tobs)min- )

A ratio of (ApCO2)Temp/(ApCO3)Bio (Temp/Bio) > 1 in-
dicates dominance of the temperature effect over mean an-
nual pCO> values, whereas a ratio < 1 indicates dominance
of a biological effect (Takahashi et al., 2002).

2.4 Statistical analysis

A normality test was carried out by means of the Shapiro—
Wilk test. If the data showed parametric distribution, we
used a ¢ test to compare averages. If the data showed non-
parametric distribution, we used the Mann-Whitney test.
The calculations of correlations between variables were per-
formed with the Spearman rank coefficient. Simple linear re-
gressions were calculated to compare calculated and mea-
sured variables (DIC and pH), and the comparison between
slopes was made with one test equivalent to an analysis of
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covariance (ANCOVA). For the principal component analy-
sis (PCA) calculation, the sampling campaigns were taken as
cases, and the parameters were taken as variables. The PCA
technique starts with a correlation matrix presenting the dis-
persion of the original variables (data were normalized by z
scores with average data for each sampling campaign), uti-
lized for extracting the eigenvalues and eigenvectors. There-
after, the principal components were obtained by multiply-
ing an eigenvector by the original correlated variables. All
statistical analyses were based on « = 0.05. We utilized the
STATISTICA 7.0 program to perform all PCA steps and the
GraphPad Prism 6 program to perform the other statistical
tests.

3 Results

3.1 Climatic, hydrological and biogeochemical
conditions

Climatic conditions during the study period followed a clas-
sical seasonal trend (Fig. 2), with the exception of Jan-
uary 2014 and February 2014, when the air temperature was
warmer (2.2°C higher, p < 0.001, ¢ test) than the average
reference period of 60 years (1951-2010). The other sam-
pled months had air temperature and precipitation consistent
with historical data (Fig. 2), despite some deviations from
the historical average, especially for accumulated precipi-
tation. Sector-averaged surface water temperature in Guan-
abara Bay (Table 1) varied between 23.8 and 26.8°C and
salinity varied between 27.0 and 32.2. In the upper portion
of the bay (S4 and S5), salinity decreased in winter and tem-
perature increased in summer, with an observed maximum of
33.9°C. S1, at the entrance of the bay, exhibited lowest tem-
peratures and highest salinities, with little seasonal variation.
A maximum seasonal amplitude of 3.4 and 2.8 °C of sector-
averaged temperature occurred in S4 and S5, respectively.
When considering sector-averaged values, seasonal contrasts
were less than 2 salinity units in all sectors. Spatially, the
most confined northern sectors, which receive more river wa-
ter, showed the lowest salinity, particularly in the vicinity of
river mouths, and during the rainy season, with a minimum
of 14.6 in April 2013 in S4.

Average values for pH, TA, DIC, Chl a and nutrient data
reported for each sector in Table 1 reflect the eutrophic (S1
and S3) to hypertrophic (S2, S4 and S5) conditions prevailing
in Guanabara Bay, consistent with previous works (Rebello
et al., 1988; Ribeiro and Kjerve, 2001). All water quality pa-
rameters (nutrients and Chl a) exhibited a large standard de-
viation (SD) to the mean. Ammonium (NH4-N) was the dom-
inant form of dissolved inorganic nitrogen (DIN) and reached
average concentrations of around 45 and 27 UM in S2 and S5
and 8, 9 and 5uM in S1, S3 and S4, respectively. The max-
imum range was recorded in S5 (0.13-130 UM NH4-N) and
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the minimum range in the lower parts of S1 (8.15-22.5uM
NH;-N).

Extremely high Chl a values were associated with high
pH and moderate to low nutrient concentrations, indicating
that nutrients were fixed into phytoplankton biomass. Aver-
age Chl a concentrations followed the trophic state gradient,
increasing from the mouth of the bay toward its upper por-
tion and also in the lateral embayments (Table 1). All sectors
showed high spatial and temporal variability in Chl a. In gen-
eral, highest values were recorded during summer conditions
and lower values during winter. This feature has also been
observed in other studies (Guenther et al., 2008; Guenther
et al., 2012). S3, S4 and S5 experienced the densest phyto-
plankton blooms, with Chl a reaching maxima on one occa-
sion of 537 pugL~1 in S3, 289ug L~ in S4 and 822 pg L1
in S5.

3.2 Vertical structure of the water column

The vertical profiles for temperature, salinity, DO and Chl a
in S1, S3 and S5, shown in Fig. 3, are well representative
of other observations in the outer, middle and inner regions
of Guanabara Bay, both for summer and winter conditions.
During winter, the water column was well mixed in all sec-
tors. Indeed, temperature and salinity showed few vertical
variations during this season (Fig. 3a, ¢ and €). Chl ¢ and
oxygen profiles were also vertically homogeneous, except in
the most confined and shallow S5, where Chl a was typi-
cally 2.5 times higher in the first 2 m compared to the bottom
(Fig. 3f). During summer, all sectors showed important ther-
mal and saline stratification (Fig. 3g, i and k), halocline and
thermocline being located almost at the same depth. In 20m
deep water columns (S1 and S3; Fig. 3g and i), an ~4m
deep surface layer was ~2-3°C warmer and had salinity
~ 1-2 units lower than the bottom layer; in 5m deep wa-
ter column (S5; Fig. 3k), the warmer surface layer was ~2m
deep with similar temperature and salinity contrasts between
the surface and the bottom. The vertical water profile was
also analysed to investigate the diurnal variations in tem-
perature and salinity (Fig. 3k and I). Comparison between
daytime and night-time conditions revealed that stratification
was subject to diurnal variations, driven by temperature con-
vection concomitant with a moderate mixing of water cur-
rents by microtidal action. Summer stratification of the water
column was accompanied by a consistent vertical distribution
of Chl a and oxygen, with a maximum in the surface layers
and a minimum at the bottom. Note that the salinity varied
less than the temperature over the day (> 2°C of variation in
5h; Fig. 3k). Stratification apparently favoured phytoplank-
ton development, as Chl a concentrations were highest (up
to 240 g L~1) at the surface of the stratified water columns.
These physical conditions were largely predominant in sum-
mer and in the shallowest, calmest and most confined sectors
of the bay (S4 and S5).
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Figure 2. Meteorological conditions during the sampling period (in green) compared with historical values (1951-2014, in blue). (a) Presents
the monthly accumulated precipitation; (b) presents the monthly average of atmospheric temperature.
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Figure 3. Typical vertical profiles of salinity, temperature, dissolved oxygen (DO) and chlorophyll a (Chl «) in the water column. Profiles
are shown for S1, S3 and S5 in summer and winter conditions. Note the different depth scale for the S5. The dotted line in (k) and (I) shows
the night-time profile (07:00), whereas the full line shows a daytime profile (12:30) for the same day at the same station.

3.3 Spatial distributions of pCO, in surface waters

Spatial distributions of surface water pCO, measured con-
tinuously along the trajectories revealed strong spatial gra-
dients between and/or inside each sector, from over- to
undersaturation with respect to the atmosphere (Fig. 4).
Temporally and spatially, water pCO, was inversely corre-
lated with dissolved oxygen (RZ = —0.88; n = 9002; p <
0.0001) and Chl a (R? = —0.54; n =9004; p < 0.0001).
S1 presented pCO, values close to the atmospheric equi-
librium, with moderate temporal variation around this aver-
age (411 + 145 ppmv). DO and Chl a in S1 were 103 +29 %
and 19+ 22ug L1, respectively. S2, close to most urban-
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ized area, showed highest heterogeneity, from a maximum
pCO;7 value of 3750 ppmv in hypoxic waters (DO =2 % sat-
uration) at the vicinity of the highly polluted urban channels
in January 2014 (Fig. 4g) to strong undersaturation, as low as
50 ppmv, related to a bloom formation (Chl a = 212 ug L)
in January 2014. In S2, the extent of pCO, supersaturation
apparently induced by the urban sewage loads was favoured
by strong rains the day before sampling and lower PAR in-
cidence in July, August and September 2013 compared to
all the other cruises (Fig. 4). In S3, S4 and S5, which ac-
count for 75% of the surface sampled area of Guanabara
Bay, pCO; was predominantly below the atmospheric equi-
librium, particularly during daytime summer cruises (Fig. 4

Biogeosciences, 12, 6125-6146, 2015
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Table 1. Mean (& standard deviation), minimum, maximum and number of observations (N) of the principal physicochemical properties of
the waters of Guanabara Bay for the sampling period, separated by sector. DL: detection limit.

Sector 1 Sector 2 Sector 3 Sector 4 Sector 5
Temp. 238+1.7 255+2.2 254+21 26.81+2.6 26.7+2.2
(°C) (21.0-29.3) (22.1-32.4) (22.1-31.5) (22.0-32.3) (22.6-33.9)

N =1918 N = 1047 N = 2035 N = 1594 N = 2397
Sal. 322+21 30.3+24 29.8+3.0 27.0+4.3 27.2+35

(25.4-34.9) (17.7-33.7) (15.1-33.8) (14.6-33.2) (16.6-32.9)

N =1918 N = 1047 N = 2035 N = 1594 N = 2397
DO 103+29 97 +59 138 +51 142 + 62 160 4+ 69
(%) (48-221) (2-263) (56-357) (30-361) (46-370)

N =1918 N = 1047 N =2035 N = 1594 N = 2397
pCOy 411+ 145 711 +£561 286 + 157 307 £ 256 272 +293
(ppmv) (104-747) (50-3715) (41-660) (29-2222) (22-2203)

N =1918 N = 1046 N = 2035 N = 1594 N = 2397
pH 8.20+0.16 8.15+0.32 8.35+0.23 8.34+0.29 8.44+0.31
(NBS) (7.90-8.71) (7.33-8.96) (7.88-8.96) (7.39-9.01) (7.51-9.23)

N =1581 N =910 N =1790 N = 1490 N = 2225
TA 2240 £ 92 2291 +99 2168 £177 2045 + 369 2137 £ 166
(umol kg*l) (1942-2320) (1890-2488) (1507-2500) (2111-3920) (1479-2314)

N =44 N=32 N =140 N =39 N =53
DIC 1979 +112 2037 £+ 258 1841 + 250 1652 + 254 1752 + 256
(umol kg—l) (1713-2120) (1520-2513) (1328-2286) (1088-2111) (1193-2186)

N =44 N=32 N =32 N=35 N =52
Chla 19.14+22.0 46.2+51.4 57.6 £90.0 69.2 +60.2 107.7+£101.8
(Mg L_l) (2.0-128.0) (3.3-212.9) (1.6-537.2) (13.1-288.8) (1.5-822.1)

N=34 N =233 N =33 N =32 N =47
NO3-N 3.50+3.30 3.72+4.93 4.12+5.27 2.144+3.29 1.924+2.08
(M) (0.13-12.50) (< DL —18.63) (0.16-19.12) (< DL —14.74) (0.04-9.20)

N=34 N =233 N =32 N =33 N =47
NO>-N 1.60+1.92 2.59+2.89 1.814+2.58 1.46+2.74 1.71+£1.98
(M) (0.05-7.30) (0.10-10.67) (< DL —10.79) (0.03-9.37) (0.03-7.08)

N=236 N =33 N =33 N =233 N =47
NHz-N 8.15+6.26 44,94 25.2 9.10+9.48 4.96 +£6.92 26.82 + 27.67
(M) (0.09-22.50) (0.15-94.73) (0.04-37.95) (0.04-29.29) N = (0.13-130.12)

N =37 N =33 N =33 33 N =47
PO4-P 1.114+0.60 5.28+3.88 1.514+1.07 1.10+0.79 2.23+2.17
(M) (0.11-2.44) (0.17-20.79) (0.17-1.10) (0.03-2.96) (0.02-8.72)

N =37 N =233 N =233 N =33 N =47

and Table 1). Massive phytoplankton blooms were sampled
during our survey, characterized by extreme patchiness in
summer. For example, an extreme of 22 ppmv pCO2, 350 %
saturated DO and 550 ug L1 Chl a was recorded in Febru-
ary 2014 in a brown/red bloom. In S3, S4 and S5, water
pCO, was lower than 150 ppmv around midday in all sea-
sons. These blooms and the associated pCO, undersatura-
tion occurred in S4 and S5 during winter and progressively
spread to the entire bay during the summer months (Fig. 4).

Biogeosciences, 12, 6125-6146, 2015

From September 2013 to February 2014, midday undersat-
uration was encountered over the whole bay, except for the
urban-impacted S2 (Fig. 4). Finally, some increases in water
pCO» above the atmospheric equilibrium (up to a maximum
of 2200 ppmv) were observed in July 2013, August 2013
and April 2014, in the northeastern parts of S4 and S5, re-
lated to river plumes. Before reaching the bay waters of S4,
these riverine plumes flowed across a preserved mangrove
area. However, the extent of these small plumes was limited
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(Fig. 4) and their contribution to the sector CO, balance was
apparently negligible.

3.4 pCOg, diurnal variations

The five back-and-forth tracks revealed important diurnal
changes in water pCO; in S4 and S5, but not in S1
(Fig. 5). In the S1 in February 2014 (Fig. 5d), night-time
(predawn) pCO, (451 + 38 ppmv) was not significantly dif-
ferent (p > 0.05 Mann-Whitney test) from daytime pCO;
(466 £ 26 ppmv). In contrast, in S4 and S5, rapid and signif-
icant decreases in water pCO, were recorded in the early
hours of the morning, followed by a relatively stable un-
dersaturation from 10:00 and all throughout the afternoon
(Fig. 5). For instance, in September 2014, pCO, decreased
from 800 ppmv at 08:30 to 200 ppmv at 13:40 at the same
geographical location (Fig. 5a). The decrease in water pCO»
occurred relatively quickly on all occasions at around 09:30,
which apparently corresponded to the hour of maximum
photosynthetic activity by phytoplankton. Thus, 09:30 was
used as the limit to separate night-time pCO; from daytime
pCO2. In S4 and S5, pCO, changes from night-time to day-
time were from 591 +231 to 194+ 114 ppmv in Septem-
ber 2013, from 163 440 to 116 & 25 ppmv in January 2014,
from 346 + 166 to 146 4 106 ppmv in February 2014, and
from 637 £+ 421 to 265 + 186 ppmv in April 2014. In all these
cases, water pCO, was significantly higher (p < 0.001;
Mann-Whitney test) before than after 09:30. Consequently,
S4 and S5 shifted from a CO, source at night-time to a CO»
sink during daytime in September 2013 and April 2014, but
remained a CO; sink throughout the entire day and night in
January and February 2014. In addition to these five back-
and-forth tracks described in Fig. 5, we could compare water
pCO, values measured on the same day in the early morn-
ing (before 09:30) with those measured in late afternoon in
S1, S3 and S4. Consequently, our data provided a fairly good
indication of the diurnal variability in pCO» throughout the
entire sampling period, in all sectors except for S2 (Fig. 6).

3.5 Seasonal variations

Clear seasonal changes were observed in pCO; of surface
waters (Fig. 6), with higher values in winter (April 2013,
July 2013, August 2013, September 2013 and April 2014)
than in summer (October 2013, December 2013, Jan-
uary 2014 and February 2014). Seasonal variations in DO
and Chl a mirrored the pCO, variations, with a maximum
phytoplanktonic biomass and oxygen saturation in summer,
when pCO, was at its minimum. S1 was a source of at-
mospheric CO; during winter (pCO, of 501 4 98 ppmv)
but a sink during summer (pCO, of 304 &+ 117 ppmv). S2
presented the highest pCO, differences between winter
(923 4 484 ppmv) and summer (423 4+ 530 ppmv), with high
standard deviations resulting from spatial heterogeneity for
both periods (Fig. 4). In S3, S4 and S5, CO; undersaturation
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prevailed along the year, except in winter and during night-
time, when oversaturations prevailed. In these three sectors,
oxygen remained oversaturated throughout the year. Average
measured values of pCO, for winter and summer were re-
spectively 353 4+ 141 and 194+ 127 in S3, 380 4+ 286 and
203 £159 in S4, and 364 £+ 343 and 132 4+ 74 ppmv in S5.
Note that these averages are in their majority based on day-
time measurements and that integrated yearly average CO;
fluxes had to be quantified by accounting for both seasonal
and diurnal variations (see following section and discussion).

3.6 Gas transfer velocities, CO, fluxes at the air-sea
interface and NCP

Wind speeds (12h averaged) varied between 1.4 and
3.9ms~1, were significantly higher during summer than win-
ter (p < 0.001; 7 test), and were significantly higher during
daytime than night-time (p < 0.001; 7 test) (Table 2). Instan-
taneous wind speed showed some peaks at a maximum of
15m s~ during short (< 1h) events. Wind speeds measured
at the meteorological station in the southern part of the bay
were higher (S1, S2 and S3) than those recorded at the station
in the northern region (S4 and S5) (Table 2).

Calculated gas transfer velocities averaged over daytime
and night-time periods varied between 0.8 and 12.3cmh~!
(Table 2). kgoo values calculated from the equation of Abril
et al. (2009) that accounts for the wind velocity, the fetch
effect linked to estuarine size and the current velocity were
systematically higher than those calculated from the relation-
ships of Raymond and Cole (2001) and Wanninkhof (1992),
which consist in exponential functions of wind velocity,
with the former being specific for estuarine waters and the
latter primarily developed for open ocean waters. Average
keoo values based on 15min wind speed were not signifi-
cantly different from kgpp based on 12 h average wind speed,
showing that short storms had a negligible impact on daily-
integrated gas transfer velocities. CO, fluxes were calcu-
lated using the measured pCO» in each sector during the
respective period: summer and winter, daytime and night-
time. In the absence of data, we interpolated pCO; from
surrounding areas and/or measurement periods. For S2, the
only sector that was not sampled at night, we applied the
mean diurnal variations in S1 and S3. Because of the rela-
tively narrow range of kgoo Vvariation, calculated CO; fluxes
followed the pattern of surface water pCO, and varied be-
tween 14.6 mmolm~2h~1 in the polluted S2 during win-
ter and night-time and —9.7 mmolm=2h~1 in dense phyto-
planktonic blooms of S5 during summer and daytime (Ta-
ble 2). Time-integrated CO, fluxes, accounting for seasonal
and daily variations, revealed that all sectors except S2 be-
haved as CO, sinks on an annual basis.

The NCP estimates for Guanabara Bay encompassed
four sampling campaigns (September 2013, January 2014,
February 2014 and April 2014). The values ranged be-
tween 51 and 255 mmol m—2d—1, with an annual average of
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Figure 4. Concentration maps of continuous pCO» measurements in surface waters of Guanabara Bay for all the sampling campaigns.

143 £ 56 mmol m~2d—1. The summertime period presented
an average of 161 449 mmolm—2d~1, whereas for winter-
time the NCP was 126 +51mmolm~—2d~1. All values of
NCP were positive, indicating that the upper sectors of Gua-
nabara Bay were autotrophic.

4 Discussion

4.1 Estuarine typology: comparing Guanabara Bay
with other estuaries

The results of the continuous measurements and the con-
comitant discrete sampling of water quality parameters
showed that, in terms of CO, atmospheric exchange, Guan-
abara Bay does not follow the patterns of a typical drowned-
river-valley estuary with a marked longitudinal estuarine gra-
dient between its fresh and marine water endmember sources
(Pritchard, 1952). Rather, Guanabara Bay corresponds to a
tropical marine-dominated system, owing to the small fresh-
water discharge relative to its water volume and tidal ex-
change, maintaining 85 % of the bay with salinities always
higher than 25. Its geomorphological characteristics and
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rather complex circulation of water masses make it difficult
to apply standard approaches to discern sources or sinks from
composite plots between salinity and material concentrations
(Bourton and Liss, 1976). Furthermore, Guanabara Bay has
been considered one of the world’s most degraded embay-
ments, characterized by constant eutrophic to hypertrophic
conditions and the frequent occurrence of red tides (Rebello
et al., 1988; Villac and Tennenbaum, 2010; Guenther et al.,
2012).

The CO, behaviour in Guanabara Bay is different from
that in most of documented estuaries worldwide. Indeed, the
majority of studies that were conducted in macrotidal, tur-
bid and river-dominated estuaries reveal that these systems
are heterotrophic and emit large amounts of CO, both in
temperate and tropical regions (Frankignoulle et al., 1998;
Borges and Abril, 2011; Sarma et al., 2012). These drowned-
valley, river-dominated estuaries also exhibited a significant
inverse trend between salinity and pCO, (Frankignoulle et
al., 1998), which was not observed in Guanabara Bay. The
absence of a negative relationship between pCO; and salin-
ity for the range of 27 to 32 is in fact more consistent with
observations in some estuarine plumes (although less pro-
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Figure 5. Diurnal variations in pCO» concentrations. The ship back-and-forth tracks are indicated as red lines in small maps. Arrows show
the boat direction, and sampling times are indicated along each track. Blue parts of the tracks are considered as night-time (< 09:30) and
green parts as daytime (> 09:30). Inserted small graphs also show the water pCO, evolution vs. time, and the shaded area represents the
sampling before 09:30 (night-time). The grey lines indicate the atmospheric pCO» (400 ppmv). Note the different pCO, scales for each

survey.

nounced), where pCO; undersaturation and diurnal varia-
tions are often reported (Borges and Frankignoulle, 1999;
Borges and Frankignoulle, 2002; Dai et al., 2009; Bozec et
al., 2011). Therefore, our results in Guanabara Bay are still
consistent with the comparative analysis of CO, dynamics in
river- and marine-dominated estuaries by Jiang et al. (2008).
In Guanabara Bay, salinities lower than 27 were confined to
the upper region at the mouths of the small rivers in S4 (max.
pCOy = 2222 ppmv), S5 (max. pCO, =2203 ppmv) and
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some polluted channels of S2 (max. pCO, = 3715 ppmv)
(Table 1 and Fig. 4). However, these heterotrophic and strong
CO3 degassing regions are relatively small when compared
to the total surface area. In contrast, pCO> in S1, which is
directly affected by marine water intrusion, exhibited mi-
nor diurnal and seasonal variations fluctuating around the at-
mospheric value of 400 ppmv. However, S3, S4 and S5 as
a whole, which cover around 75% of the bay’s area, be-
haved as a net CO, sink on an annual basis, with concen-
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trations even down to about 30 ppmv on some occasions
(Table 2). These three sectors are subject to weaker tidal
currents, higher water residence times, and stratification at
shallow depths, favouring CO; uptake by phytoplankton pri-
mary production and autotrophic metabolism, especially dur-
ing summer. Indeed, thermal or haline stratification of estu-
arine waters has been identified as a determinant factor that
favours the ecosystem to act as a CO; sink (Borges 2005;
Chou et al., 2013). Low pCO3 values in surface waters were
reported for the inner shelf of the Changjiang Estuary (Chou
et al., 2013), the outer Loire estuary (Bozec et al., 2012),
the lower Pearl River estuary (Dai et al., 2008), the Ama-
zon River plume (Kértzinger, 2003) and on the Mississippi
River-dominated continental shelf (Huang et al., 2015), all
with enhancement of stratification stimulating phytoplankton
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bloom development and uptake of CO». Low pCO, values
were also observed in estuaries which receive low freshwater
discharge and present low water exchange with the sea (Jiang
etal., 2008; Koné et al., 2009; Maher and Eyre, 2012; Sarma
etal., 2012).

The comparison of the E-DIC versus AOU values (Fig. 7)
from our study with a compilation of data obtained for 24
estuaries, in mostly river-dominated estuaries located in tem-
perate regions (Borges and Abril, 2011), illustrates the spe-
cific metabolic characteristics of Guanabara Bay. The nega-
tive E-DIC and AOU values found for Guanabara Bay sug-
gest the system is autotrophic. The 1:1 line represents the
quotient between CO, and O, during planktonic primary
production and community respiration (Borges and Abril
2011). The values close along this line for Guanabara Bay
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Table 2. Summary of calculated mean values for wind speed (Uyg), gas exchange coefficient (kggg) and CO» fluxes at the air—sea interface in
each sector and the whole of Guanabara Bay. Diurnal variations (night-time < 09:30; daytime > 09:30), seasonal means (winter and summer)
and time-integrated values are reported. W92 is the data calculated according to kggg of Wanninkhof (1992), RCO1 is the data calculated
according to kgpg of Raymond and Cole (2001), and AQ9 is data calculated according to kggg of Abril et al. (2009).

U1o kgoo CO> flux

(ms—1) (cmh™1) (mmol m—2h~1)
W92 RCO01 A09 W92 RCO01 A09
Sector 1 Winter Night-time 1.8 1.2 35 7.2 0.55 1.59 3.37
(47 km?) Daytime 25 2.6 47 9.0 0.50 1.19 2.33
Summer  Night-time 25 2.7 4.8 92 -084 -127 -235
Daytime 3.8 6.6 85 123 -—-123 —-388 542
Time-integrated 2.6 3.2 53 94 -025 -057 -051
Sector 2 Winter Night-time 19 19 3.7 7.5 5.19 774 1461
(32km?) Daytime 2.4 23 44 838 3.29 499 10.29
Summer  Night-time 25 3.1 4.8 9.2 1.75 1.97 2.87
Daytime 3.3 4.4 6.2 10.9 1.12 1.28 2.02
Time-integrated 25 2.9 4.7 9.1 2.27 4.00 7.44
Sector 3 Winter Night-time 14 0.8 3.0 6.1 —0.13 0.06 0.34
(96 km?) Daytime 2.6 2.8 49 92 -019 -079 -153
Summer  Night-time 2.8 3.0 5.0 9.7 -197 -328 —6.37
Daytime 3.9 6.7 84 122 —-482 —-622 —9.65
Time-integrated 2.6 33 53 93 -—-177 -256 -—4.29
Sector 4 Winter Night-time 15 0.9 3.2 62 -010 -0.33 -0.59
(55 km?) Daytime 2.3 23 44 78 -104 -126 -2.00
Summer  Night-time 2.1 17 4.0 74 —-024 —-043 -0.76
Daytime 3.2 4.6 64 99 —-428 -590 -9.13
Time-integrated 2.2 2.3 45 78 —-141 -197 =312
Sector 5 Winter Night-time 15 0.9 3.2 6.1 0.83 3.32 5.88
(80km?) Daytime 24 24 45 80 -—161 -—267 —4.87
Summer  Night-time 21 1.8 4.0 74 —-267 —-325 —499
Daytime 31 4.2 60 96 —427 -621 -—9.73
Time-integrated 2.2 2.3 4.4 77 —-193 -—-220 342
All bay Winter Night-time 0.78 1.86 3.53
(310km?) Daytime —-0.24 -046 —0.67
Summer  Night-time —-129 -192 —-345
Daytime —-342 502 773
Time-integrated -110 -138 -—207

suggest that gross primary production and total (autotrophic
and heterotrophic) respiration are coupled, and largely dom-
inated the signal, with a strong biological control on the pro-
duction/consumption of these gases. Many data from other
estuaries are situated well above the 1: 1 line, especially at
high pCO3 values, indicating lateral inputs of dissolved CO;
from tidal marshes or mangroves, faster equilibration of oxy-
gen with the atmosphere than carbon dioxide due to differ-
ences in solubility and the buffering capacity of the carbon-
ate system, and/or anoxic respiration in sediments (Cai et
al., 1999; Abril et al., 2002; Bouillon et al., 2008; Borges
and Abril, 2011). In Guanabara Bay, the extent of mangrove
forests is not great, and the volume of water exchanged with
the mangrove sediments is moderate due to the modest tidal
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amplitude. For that reason, we could not find supersaturated
pCO, conditions near the mangrove region, at least at about
2km distance from the mangrove. This suggests that dis-
solved CO; export from the mangrove is low and probably
associated with a rapid consumption of mangrove-derived
DIC by the phytoplankton.

4.2 Meteorological and biological control of pCO> in
Guanabara Bay

A PCA was performed to better identify the variable contri-
butions of the data. For each sampling day, we calculated the
mean values of pCO,, DO, pH, Chl a, temperature, salin-
ity, wind velocity, PAR incidence and also the 7 days of
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Figure 7. Relationship between the excess dissolved inorganic car-
bon (E-DIC) and apparent utilization of oxygen (AOU) in Guan-
abara Bay (green dots) compared to those reported in 24 estuarine
environments (red dots; Borges and Abril, 2011). The 1 : 1 line rep-
resents the quotient between CO5 and O, during the processes of
photosynthesis and respiration.

accumulated precipitation. The PCA revealed a strong me-
teorological control on the pCO; dynamics in Guanabara
Bay (Fig. 8). Factor 1 explains 65% of the total variance,
revealing that pCO; was well separated and negatively re-
lated to DO, Chl a, temperature, wind velocity and PAR in-
cidence. This suggests a strong external meteorological con-
trol on phytoplankton dynamics and, in turn, the CO,, DO
and Chl « at spatial and temporal scales. Indeed, the high in-
cident light simultaneously provides energy for phytoplank-
ton growth and favours the development of thermal stratifi-
cation, particularly in the shallow and less hydrodynamic re-
gions (Fig. 3). In the tropics, high light incidence combined
with the presence of nutrients contributes to phytoplankton
blooms and CO» depletion both directly, by supplying light
for photosynthesis, and indirectly, by favouring stratification
of the water column. It is worth noting that high wind speed
in the region of Guanabara was correlated with high PAR
and, consequently, gas exchange was favoured during day-
time, when CO; depletion attained its maximum. In contrast,
salinity and the 7-day accumulated precipitation were not re-
lated to the other parameters, and dominated the factor 2 of
the PCA, which explains about 19 % of the variance in the
data. This suggests that pulsated inputs of freshwater, typical
of tropical storms, affect salinity in Guanabara Bay but have
little impact on the intensity of blooms and the CO, uptake
by the phytoplankton.

Our diurnal measurements along the hypertrophic S4 and
S5 also showed marked differences in pCO, concentrations
between daytime and night-time. The night-time pCO, val-
ues were about 30 % higher than daytime (differing by up
to 395 ppmv). As the PAR incidence increased throughout
the day, the surface pCO, decreased due to the enhancement
of photosynthesis and rapid formation of thermal stratifica-
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Figure 8. Principal components analysis (PCA) based on mean val-
ues for each sampling campaign of the physical and biogeochem-
ical properties of the water (temperature, salinity, pCO,, DO and
Chl a) and meteorological conditions (wind velocity and accumu-
lated precipitation of 7 days before each survey). The data set was
normalized by z scores.

tion (Figs. 3 and 5). Our report of strong diurnal variation in
pCO> in Guanabara Bay (Fig. 5) reveals how photosynthe-
sis and respiration processes vary temporally, especially in
areas with high phytoplankton biomass (indicated by Chl a
values above 50, sometimes reaching 200 ug L=1). In their
study of primary production based on oxygen incubations in
Guanabara Bay, Rebello et al. (1988) postulated that some
intriguing very low rates in Chl a-rich samples were due
to the occurrence of CO» limitation. Indeed, the extremely
low values of pCO, observed in S5 (for example 24 ppm
or 0.6 pmol kg~ of dissolved CO>) confirm that CO, might
be one of the limiting factors for primary production. How-
ever, in such CO»-limiting conditions, phytoplankton would
need to take up bicarbonate using the proton pump mecha-
nism and the carbonic anhydrase enzyme (Kirk, 2011). Some
diurnal variations in pCO> controlled by biological activity
have been reported in several other estuarine systems world-
wide (Dai et al., 2009; Bozec et al., 2011; Yates et al., 2007,
Zhang et al., 2013). In the Bay of Brest, a temperate coastal
embayment, the phytoplankton blooms were responsible for
10 to 60 % of the seasonal pCO, drawdown observed during
spring, equivalent to 100-200 ppmv (Bozec et al., 2011). In
Tampa Bay, a shallow subtropical estuary, the diurnal varia-
tions in pCO, (median of 218 ppmv) were largely influenced
by primary productivity and respiration of benthic communi-
ties (Yates et al., 2007). Also, Zhang et al. (2013) reported
diurnal pCO, variations mainly controlled by biological ac-
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tivities (maximum 218 ppm in autumn) in a Chinese tropi-
cal open bay dominated by fringing reefs; however, calcifi-
cation was also an important driver of diurnal pCO, varia-
tions in winter. In one suite of different coastal ecosystems
in the South China Sea, including inshore and onshore loca-
tions, Dai et al. (2009) concluded that temperature was a ma-
jor driver of pCO» diurnal variability in the oligotrophic and
offshore regions (10-16 ppmv variations), tidal effects in the
nearshore (41-152 ppmv), and biological metabolism in the
coral reef system (up to 608 ppmv diurnal variations). Thus,
it is clear that diurnal variations must be accounted for in es-
tuarine CO2 budget assertions. Otherwise, budget estimates
based on daytime pCO, measurements only might shift the
conclusions towards an overestimate of the CO; sink, or an
underestimate of the CO, source. Therefore, we use pCO»
measurements at different hours of the day and night in order
to integrate the diurnal variations.

The contributions of temperature and biological activity
for Guanabara Bay were estimated at 33 and 255 ppmv, re-
spectively, showing the strong influence of biological pro-
ductivity upon pCO, dynamics in this tropical coastal em-
bayment (ratio of 0.12). Some authors utilized the same ap-
proach in other estuarine systems with different dominances
between temperature and the biological effect (Bozec et al.,
2011; Zhang et al., 2012; Hunt et al., 2014). The tempera-
ture dominating effect was detected for Jiaozhou Bay (Yel-
low Sea); Zhang et al. (2012) obtained pCO, variation dif-
ferences of 93 and 78 ppmv for temperature and biological
activity, respectively (weak temperature prevalence and ratio
of 1.19). In the Kennebec Estuary (USA), Hunt et al. (2014)
found different rations according to the salinity zones and
showed that, in general, higher ratios prevailed at low salini-
ties (1.9-2.1), with higher temperature control on pCO vari-
ations. Bozec et al. (2011), on the other hand, in one inter-
annual approach, encountered a mean value of 0.49 in the
Bay of Brest, a temperate embayment in France, confirming
that the biological processes were the main driver of the sea-
sonal pCO, dynamic. The ratio for Guanabara Bay is much
lower than in all these systems, and also consistent with atyp-
ical CO, dynamics.

4.3 Eutrophication and CO, dynamics

In several coastal systems worldwide, important CO;
changes, either increasing or decreasing, have been attributed
to eutrophication processes (Gypens et al., 2009; Borges and
Gypens, 2010; Cai et al., 2011; Sunda and Cai, 2012; Chou
et al., 2013). Eutrophication occurs when massive anthro-
pogenic inputs of both organic (mainly domestic) and inor-
ganic (agricultural or industrial) nutrients (sometimes over
several decades) enrich estuarine waters and sediments with
bioavailable nitrogen and phosphorus (Rabalais et al., 2009).
Increases in pCO, have been reported in river-dominated
estuaries at the vicinity of megacities (Frankignoulle et al.,
1998; Zhai et al., 2007; Sarma et al., 2012). When sewage is
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discharged in such river-dominated systems, heterotrophy is
enhanced and CO; outgassing increases (Zhai et al., 2007;
Sarma et al., 2012). Indeed, environmental conditions in
these turbid estuarine waters strongly limit primary produc-
tion in favour of heterotrophy. Turbidity, together with strati-
fication, is indeed a key parameter that explains pCO; varia-
tion in estuaries (Jiang et al., 2008; Borges and Abril 2011).
In Guanabara Bay, sewage also predominates as a source of
organic nutrients (Bidone and Lacerda, 2004). However, the
pCO, spatial distribution (Fig. 4) suggests that mineraliza-
tion of this domestic organic matter occurs predominantly
within the sewage network itself and in small rivers and chan-
nels and their plumes that represent a small surface area in the
bay. It can be noted, for example, that pCO, oversaturation
was more extended in S2 in August 2013, which corresponds
to a sampling just after strong rains over the city of Rio de
Janeiro. Mineralization of organic matter in these extremely
polluted areas leads to rapid CO» (and probably CH4) out-
gassing and, concomitantly, contributes to a long-term en-
richment of the bay in bioavailable nitrogen and phosphorus
(Paranhos et al., 1998; Ribeiro and Kjerfve, 2002).

Except for these peripheral zones, most sectors of Gua-
nabara Bay experienced massive algal blooms due to the
optimal conditions for primary production, including nutri-
ent, light, and water column stratification. The driving phy-
toplankton assemblages of Guanabara Bay are typical for eu-
trophic to hypertrophic systems that are largely dominated
by bloom and also red tide forming nanoplankton, filamen-
tous cyanobacteria and some microplankton (Valentin et al.,
1999; Santos et al., 2007; Villac and Tennenbaum, 2010).
Preliminary investigations of the collected material from this
study suggests that cyanobacteria were frequently encoun-
tered in S2, S4 and S5 during the nine sampling periods, and
a great deal of patchiness was observed with a succession of
intense red-, brown- and/or green-coloured waters, leading to
the marked short spatial variability in pCO2, DO and Chl a.
In the waters dominated by phytoplankton blooms, the pCO;
values were always extremely low and the sink characteris-
tics were prevalent, with high CO, uptake and autotrophy
characteristics. It has been shown that, during summer, the
heterotrophic bacterial production (BP) lay within the range
of only 0.4-19 % of primary production (PP) at the surface
and 5-52 % at the bottom, being nutrient-dependent (Guen-
ther et al., 2008). Our spatial and temporal pCO, data set
(Fig. 4) also suggests that the most confined part of the in-
ner bay apparently behaved as a “bloom genesis region” that
can spread phytoplanktonic production, biomass, and asso-
ciate CO, consumption over the rest of the estuarine system.
Indeed, CO,-depleted waters were confined to S4 and S5 in
October 2013 and progressively extended to all sectors (ex-
cept S2) in January 2014. During this period, conditions be-
came ideal for bloom developments with increasing air and
water temperature and the development of water stratification
(Figs. 4 and 6).
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Eutrophication thus enhances the low surface pCO; con-
centrations in Guanabara Bay. Phytoplankton use more nu-
trients and dissolved CO3 in the surface waters and produce
larger biomass of organic matter. When this additional ma-
terial reaches the bottom, the organic matter and associated
nutrients are recycled, increasing pCO> and decreasing the
oxygenation of bottom waters (Fig. 3k, I). Some authors have
recently discussed the increase in bottom water acidification
enhanced by coastal eutrophication, especially in stratified
ecosystems (Cai et al., 2011; Sunda and Cai, 2012). It has
been shown that water column stratification and bottom wa-
ter stagnation enhance the isolation of O2 and CO> in deeper
waters and, consequently, their exchange between bottom
and surface waters (Chen et al., 2007). Koné et al. (2009)
reported a consistent CO, vertical distribution in the Aby
and Tendo lagoons, in lIvory Coast, where a warmer, fresher,
Chl a-rich surface layer was depleted in CO, and nutrients,
whereas a more saline and anoxic bottom layer was enriched
in CO» and nutrients. Gypens et al. (2009) developed and val-
idated a process-based model in the Scheldt estuary plume,
which revealed that eutrophication could make the system
shift from a net source of atmospheric CO> to a net sink if
anthropogenic nutrient loads increased, thereby stimulating
the carbon fixation by autotrophs. Chou et al. (2013) also
suggested that a human-induced increase in nutrient load-
ing may have stimulated primary production and thus en-
hanced the CO, uptake capacity on the inner shelf off the
Changjiang Estuary. Our results reveal that the impact of
eutrophication on estuarine systems in terms of CO, ex-
change strongly depends on their typology. Drowned-valley,
river-dominated, “funnel-type” estuaries, which are gener-
ally light-limited and heterotrophic, respond in a completely
way to estuarine plumes, marine-dominated lagoons or em-
bayments like Guanabara Bay, where optimal conditions for
autotrophic primary production occur over large surface ar-
eas. These estuarine types are different in their hydrological
and geomorphological configuration, availability of light, di-
versity of primary producer and heterotrophic assemblages,
and their response to increasing nutrient loading (Smith et al.,
2010; Cloern et al., 2014). Depending on the hydrodynamics,
the additional organic carbon produced by enhanced eutroph-
ication can be buried, mineralized, and/or exported. In quies-
cent embayments like Guanabara Bay, long-term burial can
be significant (Carreira et al., 2002), resulting in a net uptake
and storage of atmospheric carbon within the ecosystem.

4.4 Air-water CO; fluxes in Guanabara Bay

The spatial and temporal CO; fluxes were integrated for the
bay, taking into account the diurnal and seasonal variations
in pCO,, wind speed, and gas exchange coefficients. Efforts
were made to sample all the sectors of the bay with different
PAR intensities (higher, medium and low intensity, for each
sampling day, and especially in the more eutrophic waters).
Characteristic daytime and night-time pCO, values were de-
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duced from the five back-and-forth observations in S4 and
S5, and from the comparison of early morning (before 09:30)
pCO, data with late afternoon data in S1, S3 and S4. Com-
pared to seasonal changes, diurnal changes were significant,
surface pCO, sometimes shifted from sink behaviour in the
evening to source behaviour at the end of the night, or some-
times remained undersaturated throughout the entire night
(Fig. 6). Except for S2, the more polluted sector, and the only
one acting as a CO» source, our data could be used to inte-
grate diurnal variability in pCO; throughout the sampling
period (Fig. 6). For S2, the only region that was not sam-
pled during the night, the values of the diurnal differences
obtained in S1 and S3 were applied, which seems reasonable
owing to their similar Chl a concentrations.

From comparison of the three kgpp used for the calcu-
lated fluxes, the kgoo Of Abril et al. (2009) can be consid-
ered the higher flux estimate, based on chamber measure-
ments in nine estuarine systems, whereas the kgpo of Wan-
ninkhof (1992) provides a more conservative value. The
model of Raymond and Cole (2001), based on non-intrusive
“tracers-only” data, provided intermediate fluxes compared
to the other two models. kgog values varied from 0.8 to
12.3cmh~1, which corresponds to wind speed velocities
between 1.8 and 3.9ms~1. Current velocity (a few dozen
centimetres per second) contributed to a minor fraction of
ksoo In the Abril et al. (2009) equation. On an annual basis,
Guanabara Bay was a net sink of atmospheric CO, (year-
integrated flux of —9.6, —12.0 and —18.1 mol Cm?2yr—1 for
kwo2, krcor and kapg, respectively) but with strong differ-
ences at temporal and spatial scales. On a daily basis, sum-
mer CO, uptake was maximal in S3, S4 and S5, with daily
fluxes of —190, —110 and —170mmol Cm?d~1, respec-
tively, whereas in the winter fluxes decreased to —14, —30
and +12 mmol C m2 d1, respectively (note that S5 changed
from a large sink in summer to a slight source in winter). S1
was a moderate source in winter (460 mmol C m? d=1) and
a moderate sink in summer (—90 mmol C m? d—1), as well as
on an annual basis (—4.45 mol C m? yr—1). In the highly pol-
luted S2, where a large part of the domestic organic matter
is apparently respired, a strong annual outgassing occurred
(+213 mmol C m? d—1). However, this region occupies only
about 10 % of the surface-sampled area of the bay. It is inter-
esting to note that the winds were stronger during the mid-
day/afternoon periods than during the night/early morning
periods. This conforms to the classical daily wind cycle at
coastal regions guided by the thermal difference between the
land and the water surface (Amarante et al., 2002), which
apparently favours the CO» sink. Higher wind speed during
daytime and in summer also favoured the CO, uptake.

The sink of CO, at air-sea interface showed values very
close to the burial rates of organic carbon in the sediments.
Table 3 presents one summary of the documented carbon
fluxes in the Guanabara Bay. Carreira et al. (2002) found a
10-fold increase in the flux of organic carbon to the sedi-
ments in the last 50 years (maximum of 114 mmol Cm—2d~!
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Table 3. Summary of the documented carbon fluxes in the Guanabara Bay.

Inputs mmol Cm~—2d=1  Comment

CO» air-water flux 26-492 All bay average; this study

CO» air—water flux 33-1022 Sectors 3, 4 and 5; this study

Organic carbon load from sewage 43 All bay average; FEEMA (1998);
most organic carbon seems to be
mineralized in sewage network

River DIC, DOC and TOC inputs Undocumented

Internal processes mmol Cm~2d~1  Comment

NCP 51-225 (143)P Sectors 4 and 5; this study

NPP 60-300 (170)b Sectors 2, 3 and 5;

Total respiration

Rebello et al. (1988)

Undocumented

Outputs mmol Cm~2d~1  Comment
Organic carbon burial 27-114 Sectors 3, 4 and 5; Carreira et

al. (2002); Monteiro et al. (2011)
DIC and TOC export to the coastal area  Undocumented

@ Annual average according to the kggg model parameterizations of Wanninkhof (1992) and Abril et al. (2009). The lower value
refers to the model of Wanninkhof (1992), whereas the higher value refers to the model of Abril et al. (2009). ® Range and annual

average in parentheses.

in S5). Our annual budget of carbon uptake at the air-
water interface was 105mmol Cm?d~1 for this same re-
gion, showing that Guanabara Bay is, in fact, a strong CO;
sink and has an autotrophic metabolism. The autotrophic
nature of Guanabara Bay is also confirmed by the rela-
tionship between autotrophic and heterotrophic communi-
ties (Guenther and Valentin, 2008; Guenther et al., 2008).
Rebello et al. (1988) estimated phytoplankton primary pro-
duction rates from monthly measurements over an annual
cycle to vary between 60 and 300 mmol Cm~—2d~1, with
highest rates in the lateral and upper regions of the bay.
The bacterial production used only a small fraction of the
dissolved organic carbon pool, which had a turnover be-
tween 23 and 71 days in waters of the bay (Guenther
et al., 2008). Average net primary production (NPP) was
170mmol Cm~2d~L. Compared with our results, the NPP
values are very close to those found for the carbon up-
take at air-water interface for summer conditions in S3, S4
and S5, being 200, 149 and 189 mmol Cm~2d~1, respec-
tively. After normalization to the total surface area of Gua-
nabara Bay, the total average organic load from sewage and
rivers is about 43 mmol OrgC m? d—1 (FEEMA, 1998), com-
pared to the annual CO» uptake at the air-water interface of
49 mmol Cm2d~1. However, the pCO, spatial distribution
supports the idea that most of the sewage-derived organic
carbon is respired at the vicinity of the urban area, and lit-
tle contributes to the carbon budget in the rest of the bay,
except for S2. In addition, molecular and isotopic character-
ization of the particulate organic matter of Guanabara Bay
revealed the predominance of autochthonous organic mat-
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ter (Kalas et al., 2009). What also leads us to the conclu-
sion that Guanabara Bay behaves as a net autotrophic sys-
tem are the high positive values of NCP in S4 and S5. The
annual average NCP was 143mmol m—2d~1, which is the
highest value compared to the compiled data set of Borges
and Abril (2011), which included 79 estuaries, of which 66
are net heterotrophic, 12 net autotrophic, and 1 balanced. The
summertime period showed the highest values of NCP and
coincides with the strongest sink of CO, at the air-water in-
terface. Guanabara Bay showed NCP values near that found
in the tropical eutrophic Bojorquez Lagoon (Mexico) at the
annual scale (Reyes and Merino, 1991) and in the subtropi-
cal coastal waters of Hong Kong during summertime (Yuan
et al., 2011), both systems being highly impacted by sewage
discharge.

5 Conclusions

In Guanabara Bay, annual uptake of atmospheric CO, asso-
ciated with a net burial of organic matter in sediments was
due to the synergic and cumulative effects of three factors: (i)
an estuarine typology of marine-dominated embayment with
fairly long residence times of saline waters together with nu-
trient inputs in its upper sectors permitting phytoplanktonic
developments, (ii) the tropical climatic conditions that in-
crease light availability and favour the stratification of the
water column, and (iii) a long-term discharge of untreated
domestic waters that have enriched the bay in nutrients and
led to eutrophication. Eutrophication has also modified the
phytoplanktonic assemblages toward smaller, more produc-
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tive and short-lived groups (Villac and Tennenbaum, 2010),
including some nitrogen-fixing species (cyanobacteria). A
net autotrophic metabolism of Guanabara Bay is attested by
the annual CO; uptake at the air—water interface, the posi-
tive and high NCP values, the low bacterial production rel-
ative to the primary production (Guenther et al., 2008), and
the large burial of autochthonous organic carbon to the sed-
iments (Carreira et al., 2002). It is the first estuarine system
where the synergy of these three factors has been clearly
identified as the predominant driver of CO, dynamics and
carbon balance. Some other cases of net CO, uptake have
been reported in some relatively polluted tropical coastal la-
goons in lvory Coast (Koné et al., 2009), in three temper-
ate and marine-dominated Australian estuaries (Maher and
Eyre, 2012), in temperate and tropical estuarine plumes ei-
ther preserved (Kortzinger, 2003) or human-impacted (Cai,
2003; Zhai and Dai, 2009; Bozec et al., 2012), and in some
pristine Arctic and subarctic fjords (Rysgaard et al., 2012;
Ruiz-Halpern et al., 2010). In contrast, inner and low-salinity
regions of most river-dominated, drowned-valley, “funnel-
type” estuaries, which are generally well-mixed and rela-
tively turbid environments, have been documented as het-
erotrophic and CO, emitters under tropical (Araujo et al.,
2014), temperate (Frankignoulle et al., 1998) and boreal (Sil-
veneoieen et al., 2008) climates, regardless of the anthro-
pogenic pressure (Abril et al., 2003, 2004; Zhai et al., 2007;
Borges and Abril, 2011; Cai, 2011; Sarma et al., 2012).

Our findings of a net annual CO; sink in Guanabara
Bay indicate that more field data are needed, in particu-
lar in the highly productive tropical coastal ocean, in order
to adequately integrate estuarine CO, fluxes at the global
scale. In Brazil, most previous studies have concerned river-
dominated estuaries, especially along the northern and north-
eastern coast, which all behave as CO, sources (Souza et
al., 2009; Araujo et al., 2014; Noriega and Araujo, 2014).
In contrast to Guanabara Bay, highest CO, fluxes corre-
spond to denser population in the watersheds of these net het-
erotrophic systems (Noriega et al., 2014). In fact, the Brazil-
ian coast presents several estuarine types (river estuarine
deltas, estuaries, lagoons and large embayments) which have
very different metabolisms (Bernardes et al., 2012) but where
CO,, fluxes have as yet to established. Large pCO, temporal
variations can be expected, for instance, in a phytoplankton-
dominated coastal lagoon in Brazil that exhibited an an-
nually balanced metabolism but with seasonal shifts be-
tween autotrophic and heterotrophic conditions (Carmouze
et al., 1991; Knoppers et al., 1999a, b). Lagoons domi-
nated by macroalgae or microphytobenthos exhibited differ-
ent metabolic trends, but still with a significant potential for
a net uptake of atmospheric CO» (Knoppers, 1994). Under-
sampling coastal embayments and lagoons with clear and
stratified waters, compared to turbid and well-mixed, river-
dominated estuaries, would potentially lead to an overesti-
mation of the regional estuarine CO, budget. In addition, di-
urnal variations might impact the net CO, budget more sig-
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nificantly in autotrophic systems than in heterotrophic sys-
tems and need to be assessed in the field. Continuous pCO;
measurements on autonomous buoys (e.g. Frankignoulle et
al., 2003; Bozec et al., 2011) are very promising tools for
reaching sufficient temporal resolution. We also showed that
pCO, dynamics were strongly correlated with meteorolog-
ical conditions. Taking into account the fact that the last
projections of Intergovernmental Panel on Climate Change
(IPCC) include unequivocal predictions of the climate sys-
tem warming for the next years (Stocker et al., 2013), the
increase in water temperature can reinforce the net sink of
Guanabara Bay.
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