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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Upper São Francisco Basin rivers emit 
approximately 1.56 Pg C yr− 1, with 95 
% confidence interval. (84)

• pCO₂ corrected values are up to 15 times 
lower than pCO₂ calculated from pH-TA. 
(80)

• Bed friction dissipation controls turbu
lence in 85 % of rivers analyzed. (72)

• k600 parameterization reveals high 
spatial variability, slope’s strong influ
ence. (82)

• First CO₂ emission estimates for the 
Upper São Francisco Basin, Brazil. (73)
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A B S T R A C T

Dry season CO2 fluxes were estimated for 1418 small rivers and streams in the Upper São Francisco Basin (USFB), 
Brazil. This first basin-scale estimate revealed a substantial contribution of 1.52 Pg C yr− 1 (95 % confidence 
interval: 1.40 to 1.64 Pg C yr− 1). pCO2 values, calculated from pH and total alkalinity (TA) and subsequently 
corrected, ranged from 66 to 20,200 μatm (2191 ± 1791 μatm; coefficient of variation of 82 %). Approximately 
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95 % of rivers exhibited evasive fluxes with bed friction dissipation as the dominant control on turbulence in over 
85 %. Analysis of gas transfer velocity (k600) parameterizations revealed significant inter-equation differences, 
high spatial variability, and strong slope influence. These findings highlight the potentially role of small tropical 
rivers and streams in global carbon cycling and provide the first CO2 emission estimate for the USFB.

1. Introduction

As a consequence of the CO2 concentration imbalance, climate 
change has already surpassed planetary boundaries established as safe 
for Earth’s resilience (Rockström et al., 2009; Wang-Erlandsson et al., 
2022). These changes have resulted in significant impacts on local and 
regional climates (Joshi and Siddaiah, 2021). Consequently, the Inter
governmental Panel on Climate Change (IPCC) acknowledged that a 2 ◦C 
increase above pre-industrial levels would already result in adverse ef
fects on the natural environment, human health, and well-being. In light 
of this, the IPCC proposed that global warming should not exceed 1.5 ◦C 
above the Industrial Era (Canadell et al., 2021). A current challenge is to 
identify and quantify reservoirs that serve as sources and sinks of CO2 in 
the environment in order to aid in mitigating and managing global 
warming (Liu et al., 2022).

The flux of CO2 through the water-atmosphere interface (CO2 
evasion) from inland waters (lakes, rivers, streams, and reservoirs) plays 
a significant role in the global carbon cycle (Keller et al., 2020). The 
estimation of CO2 evasion in global inland waters ranges from 1.40 to 
3.28 Pg C yr− 1, indicating that this environment are supersaturated in 
partial pressure of carbon dioxide (pCO2) when compared to the at
mosphere (Wen et al., 2021).

Global riverine CO2 emissions are estimated between 0.2 and 2.2 Pg 
C yr− 1, and suggest that tropical ecosystems exhibiting substantially 
higher emissions than temperate, boreal, and arctic zones (Liu et al., 
2022; Raymond et al., 2013; Tang et al., 2023; Wen et al., 2021). Small 
rivers and streams are recognized as key contributors to this CO2 efflux, 
with tropical regions identified as hotspots, potentially accounting for 
up to 57 % of global inland water emissions (Liu et al., 2022; Quick et al., 
2019). However, significant uncertainties remain regarding carbon 
emissions from these smaller systems, particularly in tropical regions 
like Brazil (Machado et al., 2023) representing a potential blind spot in 
global carbon cycle estimates (Marx et al., 2017; Tang et al., 2023).

Despite advances in estimating riverine carbon fluxes, significant 
uncertainties remain, primarily due to spatial and temporal variability 
in gas transfer rates and limitations in sampling frequency and coverage. 
These uncertainties are exacerbated discrepancies between different 
k600 parameterizations and challenges in resolving spatial heterogeneity 
in gas transfer across diverse river systems (Raymond et al., 2012; Ulseth 
et al., 2019).

In this context this study aimed to estimate the contribution of CO2 
degassing from the Upper São Francisco Basin, a tropical watershed in 
Brazil. The estimation of the basin was based on the analysis of 1418 
rivers and streams. The challenges associated with estimating fluxes 
were discussed. The following investigations were conducted: (i) the 
modeled pCO2 was corrected and evaluated; (ii) the spatial variability of 
the k600 was investigated using different parameterizations; finally (iii) 
the CO2 fluxes of the watershed were estimated by analyzing the small 
rivers and streams that were spatially distributed within the basin.

2. Study area

The research was conducted in the Upper São Francisco Basin, which 
corresponds to 37 % (233,564 km2) of the total of the São Francisco 
River Basin (BHSF) (catchment area 639,219 km2) (Fig. S1 in Supple
mentary Material). The BHSF is one of the main watersheds in Brazil, 
with high mining and agricultural activity, as well as a rich biodiversity.

The Upper São Francisco Basin is situated within a tropical climate, 
characterized by mild temperatures and high annual precipitation in the 

region proximate to the headwaters, which gradually transitions to 
higher temperatures and lower precipitation in the drought polygon 
region (arid region in Brazil). The average temperature is 23 ◦C, with the 
average annual precipitation varying from 1000 to 2000 mm. The São 
Francisco River (main channel) extends for 2863 km from the Serra da 
Canastra (headwater region, SE) to the Atlantic Ocean (estuary, NE).

The region encompasses the convergence of three important Brazil
ian biomes (Atlantic Forest, Cerrado, and Caatinga) and the country’s 
largest karst region. The basin is subject to intense anthropogenic ac
tivities, with the presence of an important metallogenic region (Quad
rilátero Ferrífero). This region is primarily involved in mineral 
extraction, with iron and manganese being the most prominent minerals 
extracted. The region is home to approximately 8 million people, with 
water usage is allocated for human consumption, industrial purposes, 
and agriculture (FJP, 2019).

The basin drains different lithologies from the pre-Cambrian to the 
Phanerozoic age. The most prevalent lithotypes in the basin are lime
stone, metapelite rocks (Bambuí Group), and sandstones (Urucuia and 
Areado Groups). The Bambuí Group, which form part of the Paraopeba 
Supergroup, and is distinguished by the prevalence of carbonate li
thologies in the region. The limestones of the Lagoa do Jacaré and Serra 
de Santa Helena formations, as well as the dolomites of the Sete Lagoas 
Formation, are the dominant lithologies in the study area.

3. Materials and methods

3.1. Database

This study was conducted using the database owned by the 
Geological Survey of Brazil (SGB), containing samples (1418 samples) of 
surface water at the small rivers and streams. Fieldwork campaigns 
occurred from 2008 to 2010, in dry season (from April to October), 
corresponding to the base flow. The database contains, for each sample, 
value of the physicochemical and hydraulic parameters. The methods 
and protocols are described in detail below.

Surfaces water samples were collected at the mouths of small rivers 
and streams (predominantly with a drainage area < 500 km2). The SGB 
adopts a systematic approach to hydrogeochemical mapping, utilizing 
regional sample distribution to cover a maximum area and obtain higher 
resolution in the results (Marques et al., 2023). The collection site was 
previously spatialized and, corrected in the fieldwork whether neces
sary. The samples were collected in sterilized and clean polyethylene 
bottles (1000 mL).

The total alkalinity aliquots remained “in natura”. The aliquots were 
stored in polyethylene tubes and kept refrigerated until analysis at the 
Análises Minerais Laboratory (LAMIN) of the Geological Survey of Brazil 
(SBG/CPRM), immediately after collection. The concentrations (TA in 
mgCaCO3L− 1 and converted in mM) was determinate by the analytical 
procedure for determining alkalinity by carbonate/bicarbonate and the 
acid titration analytical method, using the Metrohm 905 Titrando 
automatic titrator. TA accuracy is 1.8 mgCaCO3L− 1.

After collecting the water samples, pH, temperature (T ◦C), electric 
conductivity (EC μS cm− 1) and dissolved oxygen (expressed in O2sat%) 
were instantly measured in situ using portable measuring equipment 
(model OAKTIB OCD 650), prior calibrated. The specifications of the 
equipment reported pH accuracy ±0.002, temperature accuracy 
±0.5 ◦C, conductivity accuracy ±1 % and dissolved oxygen accuracy 
±2 %.

D.V. Machado et al.                                                                                                                                                                                                                            Science of the Total Environment 970 (2025) 179015 

2 



3.2. Hydraulic parameters

Discharge (Q in m3 s− 1) of each microbasin was obtained from its 
relationship with the water surface area (A in km2) (Tucci, 2001) and 
discharge data for the sampling period were obtained from the 
HIDROWEB database, belonging to the National Water and Basic Sani
tation Agency (Agência Nacional de Águas e Saneamento Básico, ANA - 
Brazil). Subsequently, a relationship was generated between the 
discharge found in the fluviometric stations and their respective 
drainage areas, allowing an adjustment line as a power function, with 
generally Eq. 1 by: 

Qfs = aAfs
b (1) 

where a and b correspond to the coefficients determined by the least 
squares method, Qfs is the discharge of the fluviometric stations and Afs 
is equal to drainage area of the fluviometric stations. Ten equations of 
the power function were generated, one for each sector of the study 
basin. Using microbasin area, it was possible to measure the discharge of 
each microbasin. This methodology becomes possible since each 
analyzed microbasin constituted a homogeneous region in terms of hy
drology, geology, soil, relief, and climate characteristics.

The current velocity (V in m s− 1) of the each microbasin was esti
mated from the hydraulic geometry theory, which makes it possible to 
relate it to discharge (Q) (Leopold and Maddock, 1953). In this study, 
the Eq. 2 proposed by Raymond et al. (2012) was used. The depth (D, 
meters) and width (W, meters) of the rivers were measured in situ. 
Microbasins where it was not possible to measure these parameters in 
situ (D < 6 % and W < 2 % of the total microbasins), they were estimated 
using the hydraulic Eqs. 3 and 4, respective. (Raymond et al., 2012). 
Drainage area (A, km2), elevation (E, meters) and slope (S, unitless) 
were measured by geoprocessing procedures using the ArcGis (version 
10.8.1). 

lnV = 0.285 lnQ − 1.64 (2) 

lnD = 0.294 lnQ − 0.895 (3) 

lnW = 0.423 lnQ+ 2.56 (4) 

3.3. CO2 partial pressure

The CO2 partial pressure of the water (pCO2w, μatm) was estimated 
by the indirect method, which is made from measurements of at least 
two of the parameters belonging to the carbonate system. In this study 
was used the pH - TA pair. To perform the estimate was used the free 
software CO2Calc v4.0.9 (Robbins et al., 2010), which is an extension of 
the CO2SYS (Lewis et al., 1998).

The input settings used in the program were the most recommended 
and appropriate for freshwater, using pH, Total Alkalinity (TA, μM), 
temperature (◦C) and silicium (Si, μM). In this work was used the NBS 
pH scale, the carbonic acid dissolution constants (k1 and k2) (Millero, 
1979), the dissociation constant of sulfate (KHSO4) (Dickson, 1990), and 
the dissolution constant of borate (total boron) (Lee et al., 2000). The 
error propagation of the pCO2 calculation made using the pH-TA pair 
was calculated (Orr et al., 2018).

The utilization of the carbonic equilibrium to estimate the concen
tration of CO2 is not a novel methodology (Millero, 1995; Millero, 1979; 
Neal et al., 1998). However, the use of this methodology in river systems 
has been discussed in recent literature (Abril et al., 2015; Hunt et al., 
2011; Liu et al., 2020; Ran et al., 2017), in particular the use of the pH- 
TA pair. Hunt et al. (2011) demonstrated that pCO2 values calculated by 
CO2Calc exhibited <2 % discrepancy compared to pCO2 values 
computed using PHREEQC (Parkhurst and Appelo, 1999). Ran et al. 
(2017) reported that pCO2 values estimated by the pH-TA pair showed 
no significant difference (< 8 % difference) from pCO2 values obtained 
through the headspace equilibration method. However, inaccuracy in 

pH and TA measurements can result in cumulative uncertainties in pCO2 
estimates, due to ionic strength and organic alkalinity, respectively.

Regarding pH measurements, the poor performance of the com
mercial electrodes in low ionic strength freshwaters results in a mea
surement error biased toward lower values, rendering the measurements 
unreliable (Liu et al., 2020). Therefore, before calculating pCO2 in 
CO2Calc program, the pH values were corrected using the Eq. 5–7 for 
flowing condition (Liu et al., 2020): 

pHcorrected = pHmeasured − ΔpH (5) 

ΔpH = 0.06+0.08 log10 (I) (6) 

I = 1.3 10− 5 EC
(
μS cm− 1) (7) 

Where pHmeasured is o pH measured in situ; ΔpH is the estimate pH 
measurement error from ionic strength (I) for flowing condition.

Another concern is about the total alkalinity values. Discussions 
suggest an overestimation generated during modeling due mainly to 
organic alkalinity (for instance, buffering capacity from organic anions), 
and consequently in the buffering capacity of the river, especially in 
freshwater with acidic pH and total alkalinity below 1000 μmol L− 1 

(Abril et al., 2015; Wang et al., 2021). However, correcting total alka
linity values to reduce the effect of organic alkalinity did not demon
strate effectiveness in CO2 concentration calculations when compared to 
direct measurements (Abril et al., 2015; Liu et al., 2020). On the other 
hand, the influence of organic alkalinity can generate an overestimate 
ranging from 50 to 300 % in relation to measurements (in situ pCO2) 
(Abril et al., 2015).

From these discussions, attempts to correct the calculated pCO2 
values have been proposed by Tang et al. (2023). In order to obtain a 
better estimate for pCO2 values and fluxes of the CO2 for the Upper São 
Francisco Basin, the calculated pCO2 values was corrected using the Eq. 
8 (R2 = 0.73, p < 0.001, sample size = 31) reported for dry season, with 
pCO2 values in μatm (Tang et al., 2023). 

pCO2corrected = 23.5 e1.2288logpCO2calculed (8) 

3.4. Energy dissipation rate

The gas transfer can be affected for both turbulence from (i) depth- 
scale form drag (εd), that correspond for turbulent energy dissipation 
rate due wind-forced processes and is based on stream power per unit 
weight of water near the free surface (Moog and Jirka, 1999), (ii) and 
bed friction (εs) for smooth or small-roughness flows (Zappa et al., 
2007). The dissipation rate varied on the extremes of pure bed friction 
(εs) and pure depth-scale form drag (εd), where generally, system river 
generally reflects this both turbulence processes. This classic concept is 
explaining in the model describe by (Moog and Jirka, 1999).

The energy dissipation rate were calculated by Eqs. 9 and 10 (Moog 
and Jirka, 1999; Raymond et al., 2012), where εd is the dissipation 
depth-scale form drag (m2 s− 3) and, εs correspond dissipation rate due to 
bed friction (m2 s− 3) and, u* = friction velocity; Rh = hydraulic radius; g 
= acceleration due to gravity (9.81 m s− 2); S = slope (unitless); V =
current velocity (m s− 1); D = depth (m) and W = width (m). 

εd = gSV (9) 

εs = u3
*

/
D (10) 

u* = (gRhS)0.5 

Rh = DW/(W+2D)

3.5. Water-air CO2 fluxes

The CO2 gas exchange that occurs between the water-atmosphere 
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interface is evaluated by the vertical flux FCO2 that corresponds to the 
water – atmosphere interface CO2 flux (mmol m− 2 d− 1) and can be 
estimated by the theoretical diffusion model, by Eq. 11 (Liss and Slater, 
1974): 

FCO2 = kCO2 KHΔpCO2 (11) 

Where the ΔpCO2 is the difference between the CO2 partial pressure of 
the water (pCO2w) and CO2 partial pressure of the atmosphere in equi
librium of the water surface (pCO2air), both in μatm. The pCO2air can be 
considered stable when compared to pCO2w. In this work, for the pCO2air 
was used the concentration monitored by the Mauna Loa Observatory. 
The current value of reference ranges from 400 to 420 μatm (Li et al., 
2018). However, as the samples were not collected in currently date, the 
value of reference was used following the respective years of collection. 
The pCO2air values between 2008 and 2010 vary from 383 to 393 μatm 
(Fig. S2 in Supplementary Material). This open data was obtained from 
the National Oceanic and Atmospheric Administration (NOAA) website. 
The CO2 solubility (KH, mmol m− 3 μatm− 1) was calculated according to 
the (Weiss, 1974) Eq. 12, using the temperature in Kelvin (K). 

kH = e(− 58,0931+90,5069 (100/T)+22 ,2940ln(T/100) ) (12) 

The kCO2 correspond CO2 gas transfer rate (m d− 1) between the water- 
atmosphere interface. This factor is a difficult parameter to estimate. It 
depends on rate flow and corresponds to a given coefficient as a function 
of turbulence, water viscosity (v) and gas molecular coefficient (D). In 
this study, kCO2 was calculated based on the empirical model using a 
Schmidt number (Sc) and, k600 approach following the Equations from 
13 to 16. 

ScCO2 = 1911.1 − 118.11 T+3.4527 T2 − 0.04132 T3 (13) 

k = Sc− n (14) 

k1/k2 = (Sc1/Sc2)
− n (15) 

kCO2 = k600 (ScCO2/Sc600)
− 0.5 (16) 

Where: Sc600 = 600; for CO2 gas in freshwater (T = 20 ◦C).
The Schmidt number correspond the ratio between water viscosity 

and gas molecular coefficient (v/D) and is obtained as a function of the 
temperature (◦C) of the water, where the constant is specific to each gas 
(for CO2 gas see Eq. 13) (Wanninkhof, 1992). It can be correlated with 
the gas transfer rate by the Eq. 14, where n corresponds to the Schmidt 
number exponent that is usually given as values of 0.5 for the river 
system and 0.7 for open ocean. It is possible to estimate a gas transfer 
velocity of a given gas (k1) from another gas (k2), using your correlated 
with Sc through the ratio of the gas transfer velocity (k1/k2), as the Eq. 
15. A common approach is to estimate the velocity of kCO2 correlating 
with the k600, that is a temperature-normalized gas transfer velocity 
value, where for a temperature equal to 20 ◦C for CO2 gas in freshwater, 
the Schmidt number is 600 (Sc600) (Jähne et al., 1987). Therefore, it is 
possible to find kCO2 from the k600 by the Eq. 16. The ScCO2 corresponds 
to the Schmidt number for CO2 in relation to the river temperature 
measured in situ (Raymond et al., 2012). The k600 (m d− 1) is obtained as 
a parameterization of the hydraulic parameter (Raymond et al., 2012) 
and wind velocity (e.g. Wanninkhof, 1992).

Many studies have demonstrated that for small rivers and streams the 
parameterization of k600 is better modeled using the hydraulic param
eters instead of the wind speed (Alin et al., 2011; Raymond et al., 2012). 
Thus, from the review of many parameterizations, in this work was 
applied 6 equations using current velocity (V) of the water, water depth 
(D) and stream slope (S) (Table 1).

3.6. Data analysis

Data statistics were evaluated using the software Statistica (StatSoft, 

version 14) and the program RStudio (RStudio Team, 2022) in the R core 
environment (R core team, 2022). The percentiles 25 % (25th) and 75 % 
(75th) were calculated (Table S1 in Supplementary Material). Spatial 
distribution analysis was performed by ArcGIS (Version 10.8.1). Graphs 
were created using GrapherTM (Golden Software, LLC). The data were 
checked for normality using the Kolmogorov-Smirnov test and the re
sults showed that the data were not normally distributed. Outlier were 
identified using the Robust Regression Outlier removal, ROUT test (Q =
1 %), which is an extension of the Grubbs test and indicated for non- 
parametric data. Mann-Whitney test and Kruskal-Wallis test, non- 
parametric test, were used to evaluate significant differences between 
the parameters pH, pCO2, k600 and FCO2. Spearman correlation analysis 
was employed to detect relationships between parameters.

4. Results

4.1. Hydraulic parameters

Hydraulic parameters (area [A], elevation [E], slope [S], velocity 
[V], width [W], and depth [D]) are summarized in box plots in the 
Supplementary Material (Fig. S3). Catchment size ranged from 2 to 
1129 km2 (CV: 78 %), with 99 % of catchments ≤500 km2 and per
centiles of 25th = 60 km2; median = 112 km2, and 75th = 171 km2. 
Topographic amplitude (E) varied from 338 to 1644 m (range = 1306; 
CV: 32 %). Most of the microbasins are located below 1000 m (75th =
717 m). The southern region has exhibited higher elevations compared 
to the northern region. Slope (S) ranged from 0.002 to 0.12 (CV: 52 %), 
with 75 % of slopes <0.03 and ~ 60 % > 0.04 (4 %). Lower slopes were 
predominantly found in the northern region, while the eastern region, 
corresponding to microbasins originating in the orogenic belt, exhibited 
the largest slopes. Current velocity (V) ranged from 0.01 to 0.30 m s− 1 

(0.15 ± 0.06 m s− 1). Microbasins near the karst region had lower cur
rent velocities, showing a moderate positive correlation with microbasin 
area (ρ = 0.53, p < 0.05).

In general, the microbasins has an average channel width (W) <10 m 
(about 72 % of the rivers), with 25th = 3.5 m, 75th = 12 m and a 
maximum of 850 m. Width is a prominent parameter in the differences 
between microbasins, evidenced by the high C.V.: 346 %, with median 
= 50th = 6 m and mean = 17 ± 59 m. Microbasins larger than 20 m are 
sporadically encountered in specific points, appearing as outliers (144 
samples). Rivers and streams were generally shallow, with an average 
depth (D) of 1.2 ± 1.1 m, and 75th < 1.5 m. 93 % of the rivers and 
streams are shallower than 3.0 m. Deeper rivers were occasionally 
found, primarily in the northern sector, with a maximum depth of 10 m, 
and D > 3.0 m are identified as outliers (99 samples).

4.2. Physicochemical parameters

The physicochemical parameters exhibited a non-normal distribu
tion according to the Kolmogorov-Smirnov test. The box plot can be 
found in the Supplementary Material (Fig. S4). Temperature (T) and 

Table 1 
Fitted equations for predicting the k600 based on current velocity (V, m s− 1), 
depth (D, m), stream slope (S, unitless), Froude number (Fr = V/(gD)0.5), 
energy dissipation (εd = gSV, m2 s− 3), acceleration due to gravity (g = 9.81 m 
s− 2). For the Eq.6: a = εd < 0.02, b = εd > 0.02. Eq.1 to Eq.5 by (Raymond 
et al., 2012) and Eq.6 by (Ulseth et al., 2019).

Equation

Eq.1 k600 (m d− 1) = (VS)0.89 D0.54 5037
Eq.2 k600 (m d− 1) = 5937 (1–2.54 Fr2) (VS0.89) D0.58

Eq.3 k600 (m d− 1) = 1162 S0.77 V0.85

Eq.4 k600 (m d− 1) = (VS)0.76 951.5
Eq.5 k600 (m d− 1) = VS 2841 + 2.02

Eq.6
ln[k600] (m d− 1) = 3.10 + 0.35 ln[εd]a

ln[k600] (m d− 1) = 6.43 + 1.18 ln[εd]b
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oxygen saturation (O2Sat%) did not appear to be outliers according to 
the ROUT test (Q = 1 %). The temperature range was 14.6 to 35.0 ◦C, 
with an average of 23.4 ± 3.0 ◦C. There was low spatial variability (C.V.: 
13 %). The O2Sat% exhibited an average of 68 ± 21 %, with a range of 1 
to 157 % (75th = 82 %; C.V.: 31 %). This represents the value of the 
dissolved oxygen (DO) between 0.05 and 12.4 mg L− 1. In aquatic 
environment it is defined that DO below 5.0 mg L− 1 suggests DO stress 
and below 3.0 mg L− 1 indicates that the environment is in a hypoxic 
condition (Zhi et al., 2023). Among the 1418 rivers analyzed, 110 pre
sented DO ≤3.0 mg L− 1 (O2Sat% < 37 %), while 308 rivers presented 
3.0 mg L− 1 < DO ≤5.0 mg L− 1 (O2Sat% < 64 %).

The electric conductivity (EC) ranged from 2 to 1731 μS cm− 1, with 
an average of 125 ± 163 μS cm− 1. The main source of ions in surface 
water is the result of chemical weathering of rocks. Carbonate lithotypes 
have greater susceptibility to chemical over-degradation than silicate 
lithotypes. Therefore, the type of rock influences the rate of weathering. 
This natural process is the primary factor responsible for the consider
able spatial variation in conductivity observed in river (C.V.: 130 %).

The mean of total alkalinity (TA) was 1.8 ± 3.0 mM, with a 
maximum of 30.2 mM. The spatial variability (C.V.: 166 %) observed is 
consistent with the lithological differences present within the basin. 
Microbasins dominated by carbonate rocks exhibit higher concentra
tions, particularly in the karst zone to the north. The TA ≥ 1.0 mM in 38 
% of the microbasins (544 samples) and 7 % is higher than 6.0 mM (102 
samples). Additionally, a strong positive correlation was observed be
tween TA and EC (ρ = 0.78, p < 0.05). The TA > 3.0 mM (n = 245) were 
identified as outliers, with the majority of these occurring in the karstic 
region (northern).

The pHmeasured < pHcorrected but the C.V.: 9 % remained the same 
(Fig. S5 in Supplementary Material). The Mann-Whitney test demon
strated a significantly different (p < 0.05). The pHmeasured in situ ranged 
from 4.130 to 9.210, with an average and standard deviation (SD) of 
6.885 ± 0.627. The pHmeasured/pHcorrected was 0.973 ± 0.008 (average 
± SD). The pHcorrected ranged from 4.372 to 9.368 (7.071 ± 0.613). The 
5.132 > pHcorrected < 9.210 were identified as outliers (15 samples, 
ROUT 1 %). These values were located mainly in northern region. The 
correction of in situ pH measurements was carried out to reduce the error 
generated by the inaccuracy of the parametric probes due to ionic 
strength (Liu et al., 2020). These efforts are to keep estimates as reliable 
as possible.

4.3. pCO2 corrected

Using pHcorrected and TA data, CO2 partial pressure (pCO2) in rivers 
and streams was calculated using the carbonate system equilibrium. The 
results demonstrated a pCO2 range of 7 to 315,078 μatm with an average 
of 7491 ± 14,387 μatm (C.V.: 192 %). The error propagation of the pCO2 
showed C.V.: 127 % (from 0.5 to 2120 μatm). Values below 60 μatm 
occur sporadically and represent <1 % of the analyzed rivers.

The pCO2 calculation from the carbonate equilibrium is a widely 
used method in freshwaters, particularly through the pH-TA pair. This is 
due to the fact that these parameters are easily and frequently measured 
for monitoring water bodies and managing and studying river basins, 
both by governmental agencies and research institutions. Moreover, 
numerous small rivers and streams have low accessibility, which makes 
it difficult to measure certain parameters in situ, even with portable 
equipment. Consequently, the equilibrium of the carbonate system be
comes an important methodology for estimating CO2 degasification and 
incorporating small rivers into global carbon balances. This is of 
particular importance in the context of high-resolution mapping of large 
river basins. Nevertheless, there is considerable concern about the po
tential for systematic errors to arise from this application. Consequently, 
efforts have been made to enhance the accuracy of pCO2 estimates 
derived from pH-TA measurements (Abril et al., 2015; Liu et al., 2020; 
Tang et al., 2023; Wang et al., 2021).

The in situ pH and the influence of organic alkalinity are two factors 

that have been widely discussed and identified as the main factors 
responsible for systematic errors in pCO2 calculations using the pair pH- 
TA. Most rivers have a dominance of carbonate alkaline, and it is widely 
accepted that TA ~ AlkCarb (HCO3

− and CO3
2− ) in hydrogeochemical 

studies (Hunt et al., 2011; Wang et al., 2021). However, when it comes 
to calculating CO2 concentration, it is important to consider the role of 
organic alkalinity (OrgAlk = non‑carbonate alkalinity, NC-Alk), which 
includes phosphorus, nitrogen, organic acids, and silicon) should not be 
neglected (Abril et al., 2015; Wang et al., 2021). This has been partic
ularly demonstrated in acidic organic-rich water (Abril et al., 2015; 
Hunt et al., 2011; Liu et al., 2020; Wang et al., 2021). Abril et al. (2015)
showed that in water with neutral to basic pH and high alkalinity, the 
carbonate equilibrium produces pCO2 values consistent with those 
measured in situ. However, acidic pH and TA values (approximately pH 
< 7 and TA < 1,0 mM) can result in an overestimation of pCO2 that is up 
to 300 % higher than the values measured in situ (Abril et al., 2015).

Studies indicate that organic acids do not exceed 80 % of dissolved 
organic carbon (DOC) in molar concentrations determinate by second
ary titration (Hunt et al., 2011). Furthermore, the contribution of 
organic acid anions to alkalinity is not >10 % of their concentrations 
(pH > 5) (Lozovik, 2005). Consequently, a correction of OrgAlk based 
on DOC concentration has been proposed and utilized in the literature 
(Liu et al., 2020). Nevertheless, the authors suggest that the correction 
be made only if there are direct DOC measurements. Therefore, DOC 
predictions based on its correlation with DIC are not applied to correct 
organic alkalinity. Given the inability to apply a correction for OrgAlk 
was not possible in this study, a correction was applied to the final 
calculated pCO2 values.

Tang et al. (2023) developed a model in logarithmic transformation 
between pCO2calculated with CO2SYS and pCO2measured with the head
space equilibration. The model was applied in this study, and the 
pCO2corrected ranged from 66 to 20,200 μatm (2191 ± 1791 μatm; C.V.: 
82 %). The spatial distribution of the pCO2corrected can be seen in Fig. 1a. 
The Mann-Whitney test demonstrated a statistically significantly dif
ference between the median values (p < 0.05). Following correction, 76 
% of rivers and streams (1084 samples) exhibited a pCO2corrected <

pCO2calculated (Fig. 1b-d). The pCO2corrected was found to be between 1 
and 15 times lower than the pCO2calculated. In 334 rivers (representing 24 
% of the total number of samples), the pCO2corrected value exceeded the 
pCO2calculated value by a factor of up to 9. This phenomenon occurs in 
samples with a higher pH (> 7.0) and a lower alkalinity (< 0.3 mM).

5. Discussion

5.1. Carbonate system equilibrium

Riverine systems are typically supersaturated with CO2 and act as 
sources to the atmosphere. About 95 % of the river and streams in Upper 
São Francisco Basin exhibited CO2 outgassing processes. So about 5 % of 
the rivers analysis presented atmospheric CO2 consumption, specialized 
sporadically along the Basin. Wen et al. (2021) evaluated about 6700 
rivers and streams and found similar resultant, where 95 % had a pCO2 
greater than the atmospheric value.

Lower values in riverine systems could indicate specific dynamics 
within the drainage basin, such as the removal of CO2 through photo
synthesis or the decrease in pCO2 caused by natural aeration due to high 
current velocities, which is common in regions near waterfalls. In 
contrast, the decomposition of organic matter generally contributes to 
an increase in CO2 concentrations due to its release during the degra
dation process (Tang et al., 2023). Estimates of the influence of different 
processes on emissions are still scarce. Recently, the processes of CO2 
consumption and release was studied and showed diurnal variation due 
to metabolic processes with nocturnal emissions about 31 % greater 
than daytime (Woodrow et al., 2024).

Outliers of pCO2 (concentration higher than 5870 μatm) are 
observed in the Upper São Francisco Basin, mainly in karstic region, in 
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the northern region. The presence of carbonate lithotypes from the 
Bambuí Group, mainly dolomites from the Lagoa de Jacaré formation, is 
evident in these rivers. On the other hand, concentrations lower than the 
atmosphere (about lower than 390 μatm) are found in the central region 
of the basin.

The carbonate lithology is highly susceptible to chemical weath
ering, leading to the release of HCO3

− ions into the water surface. This 
process not only enhances dissolved inorganic carbon (DIC) concentra
tions but also affects the buffering potential of the aquatic ecosystem.

Previous studies also indicate the anthropogenic influence on these 
rivers, especially from the agriculture (Machado et al., 2024). Nutrient 
concentration in aquatic environments triggers a series of complex 

biogeochemical interactions and influences both alkalinity balance and 
biomass production and respiration/photosynthesis processes, thereby 
affecting the dynamics of inorganic dissolved carbon.

Additionally, hypoxic condition (as found in about 8 % of the river) 
are not expected in smaller and shallower rivers and streams. This 
characteristic that facilitates the entry of light, which favors gas ex
change. Deoxygenation is an important process that drives greenhouse 
gas emissions, in addition to influencing the mobilization of nutrients 
and toxic metals.

This study did not investigate the sources of carbon directly, but the 
results suggest an influence of both natural and anthropogenic sources. 
Land use changes can significantly alter carbon dynamics in rivers and 

Fig. 1. CO2 partial pressure in the Upper São Francisco Basin, Brazil: a) spatial distribution (a) of pCO2 corrected in the river (white color in the map = no data), b) 
box plot between pCO2 calculated by pH-TA and pCO2 corrected by Tang et al. (2023), c) correlation between pCO2 calculated and pCO2 corrected with pH values 
and, d) correlation between pCO2 calculated and pCO2 corrected with total alkalinity values.
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affect CO₂ degassing processes. One hypothesis is that agricultural ac
tivities have been impacting and reshaping carbon dynamics in this re
gion. Furthermore, the observed low pCO₂ values might be attributed to 
groundwater inputs with low CO₂ concentrations or the presence of 
oligotrophic conditions during the dry period, both of which require 
further investigation to fully elucidate the mechanisms driving carbon 
dynamics in these systems.

While this study employed indirect methods to estimate pCO2, we 
recognize the critical role of biological processes in regulating carbon 
dynamics, which represents an important limitation of this work. Future 
research should prioritize direct, multiscale approaches to capture the 
interplay of hydrological, biological, and anthropogenic factors, 
providing a more comprehensive understanding of carbon dynamics in 
tropical river systems.

5.2. Physical and chemical control of degassing

5.2.1. Dissipation rates
Gas exchanges at the water-atmosphere interface in aquatic envi

ronments are controlled by a multitude of factors, including physical 
processes (such as turbulence and molecular diffusion), chemical factors 
(e.g., pH and dissolution constants), and biological aspects such as the 
production or consumption of the gas (Bade, 2009). The interaction 
occurring at the water-atmosphere interface is the result of a complex 
array of biogeochemical processes. These processes drive equilibrium 
reactions that facilitate mass and energy exchange, resulting in signifi
cant material fluxes at a global scale (Allen and Pavelsky, 2018).

In small streams and rivers, turbulence is primarily generated by 
water flux and bed roughness. The rate of energy dissipation, which is 
often used as a proxy for near-surface turbulence, assists in the design 
and understanding of gas exchange in aquatic environments (Ulseth 
et al., 2019). The turbulence (or energy dissipation) in the liquid phase is 
one of the most important process that controls the rate of CO2 gas 
transfer at the water surface (Borges et al., 2004).

The dissipation rates were investigated, and the results indicated that 
bed friction (εs = 0.07 ± 0.07 m3 s− 2) is higher than depth-scale form 
drag (εd = 0.03 ± 0.02 m3 s− 2) in about 87 % of the analyzed rivers. The 
results were compared with those of Raymond et al. (2012), which 
explored how εd and εs vary for average streams across the United States. 
The findings indicated that εd is generally predicted to be higher than εs, 
with the exception for first-order streams.

The rivers in the Upper São Francisco Basin are all low-order streams. 
Despite the observed differences in size, no correlation was found be
tween the dissipation rates and the area of the microbasins. Positive 
correlation indicated slope as the primary hydraulic factor controlling 
turbulence for εs (ρ = 0.85, p < 0.05) and εd (ρ = 0.69, p < 0.05), 
following by elevation for εs (ρ = 0.80, p < 0.05) and εd (ρ = 0.63, p <
0.05). This outcome serves to reinforce the significance of small, high- 
elevation rivers, as previously discussed by (Ulseth et al., 2019).

Bed friction turbulence also exhibited a moderate positive correla
tion with width (ρ = 0.48, p < 0.05) and depth (ρ = 0.30 p < 0.05). On 
the other hand, near-surface turbulence showed a significant positive 
correlation with velocity (ρ = 0.60, p < 0.05). Microbasins with low 
current velocity, as well as shallow depth, tended toward the extremes of 
pure bed friction.

The roughness of the channel increases turbulence, which in turn 
increases the rate of reaeration. High turbulence increases the contact 
surface between the water and the atmosphere, facilitating the exchange 
of gases. This is particularly important for CO2 degassing in small rivers 
and streams where the rate of gas dissipation is strongly influenced by 
turbulence in the water.

The relationship between dissipation rates (εs x εd) as a function of 
slope (S) is showed in Fig. 2. The box plot is shown in Fig. S6 in Sup
plementary Material.

5.2.2. Gas transfer velocity
Gas transfer velocity (kCO2 ) constitutes one of the parameters for 

calculating CO2 flux at the water-atmosphere interface. This parameter 
is influenced by both hydrology and the topography of the drainage 
basin. The estimation of the CO2 gas transfer rate (kCO2 ) is a challenging 
task, and the associated uncertainties in calculation are considerable. In 
this study, the ratio and parameterization method with k600 was 
employed.

Thus, an initial review of the various parametrization equations for 
k600 that have been reported in the literature was conducted. Given that 
wind speed is not a significant parameter in small rivers, equations 
incorporating these parameters have been removed (Alin et al., 2011). 
The river hydraulic parameters employed in this study were current 
velocity (V), depth (D), and slope (S). The equations were preliminary 
evaluation, resulting in the selection of six for inclusion in this study (see 
Table 1). The results of the equations were spatialized and compared 
using a box plot (Fig. 3 and Fig. S7 in Supplementary Material).

The means, standard deviations and variations of the parameteriza
tions in ascending order were, Eq. 5 48 ± 25 (9 to 166) < Eq. 6 49 ± 34 
(4 to 234) < Eq. 4. 50 ± 24 (1 to 149) < Eq. 1132 ± 103 (1 to 983) < Eq. 
2156 ± 127 (1 to 1258) Eq. 3321 ± 116 (61 to 1090).

Of the six evaluated equations, three employ only variables V and S 
(eqs. 3, 4, and 5). The coefficient of variation (C.V.) of these equations 
was found to be the lowest compared to the other parameterizations. In 
descending order, the Eq. 3 (C.V.: 36 %) < Eq.4 (C.V.: 48 %) < Eq. 5 (C. 
V.: 52 %). The Kruskal-Wallis test indicated that there was no significant 
difference between Eqs. 4 and 5. However, both equations exhibited a 
statistically significant difference in relation to Eq. 3.

In equations Eq. 1 and Eq. 2, depth is incorporated into the functions. 
It can be observed that depth increases the coefficient of variation, with 
Eq. 2 (C.V.: 81 %) > Eq. 1 (C.V.: 78 %). Moreover, Eq. 2 is the only 
equation that employs the Froude number (Fr) as a parameter. For the 
Upper São Francisco Basin, the Fr < 1 for all microbasins, indicating 
laminar flows, which are characteristic of the dry season (base flow), 
particularly in small rivers and shallow streams.

Eqs. 1 to 5 were obtained from the studies of Raymond et al., 2012. 
The authors reviewed numerous equations in the literature and pro
posed parameterizations based on slope and velocity for areas where 
direct measurements are not feasible or do not necessitate highly ac
curate estimates. These equations remain a common feature of the 
literature, with eq. 5 being a particular focus. It has been recommended 
that equations with the depth term (Eq. 1 and 2) should not be used in 
larger rivers since the model fails when attempting to scale the hy
draulics. Consequently, as most studies apply to large rivers, the use of 

Fig. 2. Relationship between dissipation rates bed friction (εs, m3 s− 2) and 
depth-scale form drag (εd, m3 s− 2) as a function of slope (S).
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velocity and slope has been more commonly utilized. However, the 
authors have emphasized the accuracy of these equations for deter
mining the gas transfer velocity in smaller rivers (Raymond et al., 2012).

Eq. 6, proposed by Ulseth et al. (2019) using dissipation energy (εd) 
as a proxy for k600 parameterizing, exhibited a coefficient of variation 
(CV) of 69 % and a statistically significant correlation with Eq. 5. Ulseth 
et al. (2019) noted that the relationship between k600 and 

geomorphology/hydraulics cannot be generalized for steep-slopes rivers 
and streams. Empirical models based on slope, current velocity, and 
depth, while stable for low gradients, may underestimate k600 in high- 
gradient streams. Given the prevalence of high slopes among the eval
uated rivers, Eq. 6 was included to potentially improve k600 estimation 
in these steeper systems.

The k600 in small rivers ranges from 3 to 70 cm h− 1 (Li et al., 2019), 

Fig. 3. Spatialization of the k600 equations used in the study. a) Eq. 1: k600 (m d− 1) = (VS)0.89 D0.54 5037 (Raymond et al., 2012); b) Eq. 2: k600 (m d− 1) = 5937 
(1–2.54 Fr2) (VS0.89) D0.58 (Raymond et al., 2012); c) Eq. 3: k600 (m d− 1) = 1162 S0.77 V0.85 (Raymond et al., 2012); d) Eq. 4: k600 (m d− 1) = (VS)0.76 951.5 (Raymond 
et al., 2012); e) Eq. 5: k600 (m d− 1) = VS 2841 + 2.02 (Raymond et al., 2012) and f) Eq. 6: ln[k600] (m d− 1) = 3.10 + 0.35 ln[εd] (εd < 0.02); ln[k600] (m d− 1) = 6.43 
+ 1.18 ln[εd] (εd > 0.02) (Ulseth et al., 2019). White = no data.

Fig. 4. Correlated between rate of dissipation energy (εd and εs) the increase in channel slope.
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and the global average for fluvial systems is from 8 to 33 cm h− 1 

(Butman and Raymond, 2011; Raymond et al., 2013). Eqs. 4, 5 and 6
generally showed values above the global average for rivers, while eqs. 
1, 2 and 3 were above the estimated averages for small rivers.

Thus, eqs. 4, 5 and 6 exhibited low k600 values, particularly in the 
karst region. Conversely, Eq.3 exhibited extremely high values 
throughout the basin. Eqs. 1 and 2 showed more varied values, with k600 
higher at the edges of the basins, where the microbasins with the highest 
elevations, slopes and current velocity are located.

A significant positive correlation was observed between the k600 and 
the rate of dissipation energy (εd and εs). The Fig. 4 illustrates that the 
increase in these parameters is linearly correlated with the increase in 
channel slope.

The kCO2 value was finally calculated using each of the six parame
terizations. The maximum values observed in all parameterizations 
exceed the global average value. The kCO2 can exhibit a wide variation in 
small rivers ranging from 1 to 100 cm h− 1 (Li et al., 2020). The values of 
Eqs. 4 and 5 are approximately twice the average value. In contrast, eq. 6
exceeds this by a factor of three. It is possible for Eqs. 1, 2, and 3 to reach 
values that are approximately 11, 10 to 14 times greater, respectively.

The absence of in situ measurements of the gas rate in the region 
makes it challenging to ascertain the optimal parameterization for the 
Upper São Francisco Basin. The high spatial variability in the values is 
due to the great diversity in terms of morphology, fluxes, and environ
mental characteristics of the small rivers. In order to minimize the po
tential for underestimation or overestimation of values, the fluxes were 
calculated using each of the equations. The estimates were derived from 

the mean values.

5.3. Estimates of CO2 emissions

Among the rivers and streams analyzed, 5 % of them exhibited 
negative fluxes (75 rivers), which indicates that they consume CO2. A 
comparison of the flow values obtained by each k600 equation is shown 
in Fig. S8 in Supplementary Material. For the purpose of fluxes esti
mation, only samples with a pH ≥ 6 were considered. The average FCO2 
was 1.9 ± 1.9 mol m− 2 d− 1 for 1263 samples (25th = 0.6; 50th = 1.5 and 
75th =2.7 mol m− 2 d− 1) and C.V.: 98 % (see spatial distribution in 
Fig. 5).

Estimate of CO2 fluxes at the water-atmosphere interface was 
calculated for the entire Upper São Francisco Basin. The median and the 
interquartile values (25th and 75th) have been used to generate an es
timate and a range of CO2 emissions. The results were then compared 
with those obtained for other basins.

The findings indicate that the Upper São Francisco Basin contributes 
approximately 1.52 Pg C yr− 1, with a 95 % confidence interval from 1.40 
to 1.64 Pg C yr− 1. The range of CO2 emissions to the atmosphere is 
estimated to be between 0.65 and 2.72 Pg C yr− 1. These values are 
comparable to those of larger basins. See Table S2 (Supplementary 
Material) for more comparisons.

CO2 flux estimations for river systems have been conducted in 
various regions. For example, emissions in the Amazon River Basin were 
estimated at ~0.47 Pg C yr− 1 (Richey et al., 2002). Butman and Ray
mond (2011) assessed U.S. streams and rivers, estimating ~0.1 Pg C yr− 1 

Fig. 5. a) Spatial distribution of the CO2 fluxes at the water-atmosphere interface in Upper São Francisco Basin, Brazil; White = no data. b) Location of the study area 
in Brazil. The colors represent the hydrographic regions of Brazil. The black dots represent the locations that have FCO2 studies between the years 2000–2022 
(Machado et al., 2023).
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and extrapolating to ~0.5 Pg C yr− 1, for temperate rivers between 25◦

and 50◦ N. African rivers were analyzed by Borges et al. (2015), who 
reported fluxes ranging from 0.27 to 0.37 Pg C yr− 1. Global studies 
suggest riverine CO2 emissions from 0.20 to 2.20 Pg C yr− 1 

(Aufdenkampe et al., 2011; Cole et al., 2007; Raymond et al., 2013; Tang 
et al., 2023). However, many global estimates are based on fluxes from 
large temperate rivers and the Amazon due to limited data from tropical 
zones.

Gómez-Gener et al. (2021) utilized a compilation of global river data 
and demonstrated that, mainly due to photosynthesis, nighttime CO2 
emissions are on average 27 % higher than estimates based solely on 
daytime observations, as conducted in this study. Additionally, the study 
demonstrated that rivers draining temperate biomes exhibited greater 
internal variability when compared to rivers in tropical/subtropical and 
boreal systems. Liu et al. (2022) estimated that CO2 emissions are higher 
in tropical rivers than in temperate and arctic rivers. However, they 
demonstrated that the monthly variability of CO2 emissions is lower in 
tropical and southern temperate rivers (C.V.: 4 %) compared to northern 
boreal and temperate rivers (C.V.: 25 to 37 %). The authors further 
suggest that tropical rivers contribute 57 % of CO2 emissions from river 
systems, while temperate zones account for 30 % and the arctic for 13 %.

In addition to the influence of the climate zone, local characteristics 
such as lithology and land use can also influence the dynamics of 
degassing. In the Upper São Francisco Basin, the karst region had the 
highest level of CO2 emissions. Liu and Han (2021) observed CO2 
emissions in the rivers of the Xijiang River Basin, China, and concluded 
that the spatial distribution was primarily controlled by lithology rather 
than anthropogenic inputs, with higher emissions in silicate terrains 
compared to karst terrains. This was attributed to elevated pH, which 
increases buffering capacity and reduces pCO2 from DIC (low CO2). 
Conversely, Li et al. (2023) studied karst rivers in the Nanming River 
basin and found high potential CO2 fluxes. They suggested that urban 
development could increase pCO2 in karst rivers, leading to increased 
CO2 fluxes.

Urbanization, through sewage and effluent discharge, as well as 
agricultural practices, can increase nutrient and carbon loads in surface 
waters, affecting biogeochemical processing and disrupting the balance 
between CO2 production and consumption (Jin et al., 2018). This pro
cess is particularly important in karst regions, which are sensitive to 
minimal environmental changes.

Lima et al. (2022) assessed the anthropogenic impacts on the hy
drological cycle of the São Francisco River Basin between 1985 and 
2015 and found that land use and land cover changes have intensified 
over the years, mainly driven by agriculture. The MSF region experi
enced concentrated agricultural expansion, with agricultural production 
increasing up to sixfold between 1995 and 2012, driven by large-scale 
agriculture (especially soybean cultivation). By 2013, approximately 
1400 irrigation pivots were observed in the region (Lima et al., 2022). 
The results of this study suggest the hypothesis that the high values in 
the karst zone are a response to anthropogenic influence. We emphasize 
the importance of further research in basins with a high level of 
anthropogenic influence, agriculture and urbanization, especially in the 
karst zone.

6. Conclusion

While tropical rivers are recognized as significant sources of atmo
spheric CO₂, estimates for these ecosystems, particularly small rivers and 
streams, remain scarce. This knowledge gap motivated the present 
study. The challenges associated with estimating CO2 degassing in 
riverine environments have been previously discussed.

One of the challenges is the accuracy of the pCO2 calculations. 
Following correction, 76 % of the rivers analyzed exhibited pCO2corrected 
up to 15 times lower than pCO2calculated from the equilibrium of the 
carbonate system using pH-TA parameters. The mean pCO2corrected value 
was 2191 ± 1791 μatm (from 66 to 20,200 μatm). Approximately 95 % 

of the rivers and streams in the Upper São Francisco Basin exhibited CO2 
outgassing processes, with fluxes ranging from 0.65 to 2.72 Pg C yr− 1. It 
was estimated that the Upper São Francisco Basin contributes about 1.52 
Pg C yr− 1, with a 95 % confidence interval of 1.40 to 1.64 Pg C yr− 1.

To calculate the fluxes, a series of k600 equations were evaluated. The 
high-resolution mapping employed in this study enables the observation 
of spatial variations in k600. The results indicate that there are statisti
cally significant differences between the equations. The absence of in situ 
data renders it challenging to ascertain the most suitable equation for 
application. Nevertheless, the rate of dissipation due to bed roughness 
and slope may serve as promising proxies for estimating k600 in small 
rivers and streams. Of the 1418 rivers analyzed, 87 % exhibited a greater 
influence from the rate of dissipation due to bed roughness than the rate 
of dissipation due drag scale. This factor renders small rivers and 
streams relevant to the carbon balance in river systems, as the roughness 
favors an increase in the rate of reaeration.

The findings of this study indicate that the carbon dynamics in the 
rivers of the Upper São Francisco basin are undergoing alteration as a 
consequence of anthropogenic influence, particularly in those rivers that 
drain the karst zone. Further investigation is required to elucidate the 
impact of land use changes on CO2 degassing in the region.

This study provides the first estimate of CO₂ fluxes for the Upper São 
Francisco Basin. By producing a robust estimate, this work offers valu
able insights into the study area and contributes to addressing the data 
gap in tropical regions. We emphasize the need for future direct in
vestigations to obtain more accurate estimates and enhance our under
standing of small rivers’ role in the global carbon cycle.
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Omengo, F.O., Guérin, F., Lambert, T., Morana, C., Okuku, E., Bouillon, S., 2015. 
Globally significant greenhouse-gas emissions from African inland waters. Nat. 
Geosci. 8, 637–642. https://doi.org/10.1038/ngeo2486.

Butman, D., Raymond, P.A., 2011. Significant efflux of carbon dioxide from streams and 
rivers in the United States. Nat. Geosci. 4, 839–842. https://doi.org/10.1038/ 
ngeo1294.

Canadell, J. G., Monteiro, P. M. S., Costa, M. H., Cotrim da Cunha, L., Cox, P. M., Eliseev, 
A. V., Henson, S., Ishii, M., Jaccard, S., Koven, C., Lohila, A., Patra, P. K., Piao, S., 
Rogelj, J., Syampungani, S., Zaehle, S., and Zickfeld, K.: Global Carbon and Other 
Biogeochemical Cycles and Feedbacks, in: Climate Change 2021: The Physical 
Science Basis, Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change, edited by: Masson-Delmotte, V., Zhai, 
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