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Estimating riverine carbon dioxide (CO,) emissions has been constrained by lacking field
measurements of the partial pressure of CO, (pCO,) and inaccuracies in calculating pCO»
using carbonate equilibria-based models such as CO2SYS. To evaluate potential errors in
applying the carbonate equilibria-based pCO, calculation to river systems affected by
monsoon rainfall and water pollution, we compared pCO, values calculated using
CO2SYS and those measured by headspace equilibration in five Asian rivers (Ganges,
Mekong, Yangtze, Yellow, and Han rivers) undergoing various water pollution stages.
Across the five rivers, calculated and measured pCO, values exhibited larger
discrepancies during the monsoon season, particularly in the low pH range, while in
the Han River mismatches were also noticeable during the dry season. In the Han River, pH
was negatively correlated with dissolved organic carbon (DOC) during the monsoon,
indicating organic acids flushed from soils during rainfalls as a key factor for overestimated
pCO, at sites with low pH and alkalinity, whereas dry-season overestimation of pCO, may
be ascribed to non-carbonate alkalinity including organic acids and inorganic anions
delivered by wastewater effluents or sporadic rainfalls. The four large rivers exhibited a
positive correlation between pH and DOC in tributaries during the monsoon season,
indicating that DOC flushed from soils may be diluted by monsoonal floods to such a
degree as to exert little influence on pH and hence pCO,. Therefore, the monsoonal
overestimation of pCO, at sites with low pH and alkalinity warrants further investigation of
other factors than non-carbonate alkalinity to explain the increased sensitivity of pCO, to
subtle changes in acidity and buffering. These results illustrate the importance of direct
measurements of pCO, in highly polluted rivers, especially during the monsoon season.
For river systems lacking pCO, measurements, we suggest that carbonate equilibria-
based models be complemented with corrective measures: 1) presenting pCO, values
calculated from low pH values (pH < 6.5 for monsoon and pH < 6.3 for dry season)
together with the pH range to warn potential overestimation; 2) using pre-established
regressions between measured pCO, and environmental variables to correct pCO»

Abbreviations: DIC, dissolved inorganic carbon; DOC, dissolved organic carbon; DOM, dissolved organic matter; DO,
dissolved oxygen; OM, organic matter; pCO,, Partial pressure of CO,; TA, total alkalinity.
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values, particularly during wet periods when large changes in pH and acid buffering are

expected.

Keywords: Asian rivers, carbonate equilibria, monsoon, partial pressure of CO, (pCO5,), urban tributary, wastewater

1 INTRODUCTION

Inland waters have been recognized as important sources of
carbon dioxide (CO,) and other greenhouse gases (GHGs), as
highlighted by recent regional and global syntheses (Raymond
et al., 2013; Borges et al., 2015; Lauerwald et al., 2015; Park et al.,
2018). Inland waters play a crucial role in the global carbon cycle
by storing, transporting, or transforming carbon (C) in the form
of inorganic or organic C in the terrestrial-aquatic-atmosphere
continuum (Cole et al., 2007); however, these synthesis efforts
have been limited by the lack of spatially resolved datasets
(Raymond et al, 2013; Lauerwald et al, 2015; Park et al,
2018). Various direct and indirect methods have been
employed to measure or calculate the aquatic partial pressure
of CO, (pCO,) (Park, 1969; Smethie et al., 1985; Kling et al., 1992;
Pierrot et al., 2006; Yoon et al., 2016). Due to the lack of direct
measurements of pCO,, many studies on CO, emissions from
inland waters depend on calculated pCO, using carbonate
equilibria (Butman and Raymond, 2011; Raymond et al., 2013;
Lauerwald et al., 2015; Park et al., 2018). Although this carbonate
equilibria-based pCO, calculation has been widely used to
estimate regional and global CO, emissions from inland
waters, considerable concerns exist about potential errors
associated with such calculations. The estimation accuracy of
pCO, and CO, emissions needs to be improved by employing
proper corrective measures under specific conditions, for
instance, where large changes in pH and acid buffering are
expected (Liu et al., 2020).

Direct measurements of pCO, are based on the gas
equilibration between the water and air phases (headspace
equilibration method) or continuous measurements using
various systems and devices, including membrane-enclosed
CO, sensors and automated equilibrators (Yoon et al., 2016).
Carbonate equilibria-based methods for estimating pCO, use
combinations of related water quality parameters, including
pH, total alkalinity (TA), dissolved inorganic carbon (DIC),
and water temperature (Park, 1969; Lewis and Wallace, 1998).
Constants used for pCO, calculation in freshwater systems
include those for the carbonic acid dissociation (Millero, 1979)
and CO, solubility (Weiss, 1974), both of which are dependent on
temperature.

The potential bias in the calculated pCO, relative to the
measured one may arise from inaccuracies of these multiple
parameters. Frankignoulle and Borges (2001) provided the first
comparison between the pCO, calculated from pH and TA and
pCO, measured by an equilibrator coupled to an IR analyzer in an
estuary in Belgium. They observed a relatively good agreement
between the two approaches under the conditions of high TA
(2,500-4,800 peq L") and pH (>7.4). The concomitant
measurements of pH, TA, and pCO, in acidic and organic-
rich waters of the Sinnamary River in French Guiana

exhibited extremely high values of estimated pCO, under the
conditions of pH at 5 and TA at 200 peq L ™", compared to pCO,
values directly measured using the headspace equilibration
technique (Abril et al, 20055 Abril et al, 2006). This
overestimation in pCO, indicates the contribution of organic
acids to TA. Organic acids in DOC can significantly contribute to
TA not only in the polluted rivers, but also in the organic-rich,
unpolluted rivers, resulting in overestimation of calculated pCO,
(Hunt et al,, 2011; Wang et al., 2013). Abril et al. (2015) warned
that in acidic, poorly buffered,and organic-rich freshwaters pCO,
can be overestimated by 50-300% when compared to direct pCO,
measurements. Recently, Golub et al. (2017) have also reported
potential biases in pCO, calculated using carbonate equilibria
(pH-TA), due to influences of organic acids and ionic strengths in
freshwater systems. While the calculation method works well in
systems with typical pH range (e.g., pH > 7) and alkalinity (e.g.,
TA>1,000 peq L) (Abril et al., 2015; Liu et al., 2016), potential
overestimation of pCO, has been found in systems with low pH
and alkalinity (Hunt et al., 2011; Abril et al., 2015; Liu et al., 2020).
Calculated and measured pCO, values exhibited larger
discrepancies during floods, particularly in the low pH range
(e.g., pH < 8), resulting in overestimation of pCO, (Abril et al.,
2015). In the large rivers across Asia, seasonal variations in
carbonate equilibria regimes have been associated with the
monsoon climate, because heavy monsoonal rainfalls can
dilute river water TA and decrease pH, resulting in
overestimation of pCO, under conditions of low pH and
alkalinity (Li et al., 2013; Manaka et al., 2015; Ran et al., 2015).

The calculation of pCO, from water quality data could not
only provide useful data for estimating regional and global
riverine CO, emissions but also help to reconstruct long-term
changes in pCO,, as conducted for a large number of rivers in
China (Ran et al., 2021). This study aimed to improve the
prediction capability of the carbonate equilibria-based pCO,
model by comparing calculated and measured pCO, with
associated water quality measurements in the mainstem,
tributaries, and/or wastewater drains of the Ganges, Mekong,
Yangtze, Yellow, and Han River during both monsoon and dry
seasons. We compared the values of pCO, calculated using
CO2SYS with pCO, measurements from seasonal field
measurements across various locations in the five river basins.
In the case of the Han River in Korea, more frequent
measurements in the mainstem, tributaries, and wastewater
effluents during both dry and monsoon seasons were
separately analyzed to evaluate the effects of both monsoon
and sporadic, dry-season rainfalls on seasonal differences in
pCO, and associated water quality components. This study
provides the first comprehensive comparison of the calculated
and measured pCO, values between monsoon and dry seasons in
multiple Asian river basins under elevating anthropogenic
pressures (Figure 1). We postulate that riverine CO,
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FIGURE 1 | Study map showing the sampling sites across the mainstems, tributaries, and polluted urban tributaries or wastewater effluents of four large rivers (the
Ganges, Mekong, Yangtze, and Yellow River) and a smaller, urbanized river system in Korea (the Han River).

emissions can be overestimated if values of pCO, are calculated
from low-pH and low-alkaline river systems without proper
corrections. Specifically, we tested the hypothesis that
increasing inputs of soil-derived organic acids during
monsoonal floods can decrease pH and dilute TA in the river
water, causing potential pCO, overestimation. In contrast,
increasing discharge of untreated or poorly treated wastewater
may not only alter the composition of the riverine organic matter
(OM) but also increase the pH and TA during dry periods due to
lack of dilution in river water.

2 METHODS
2.1 Study Sites

We compared pCO, measurements with values of pCO,
calculated from the concomitant water quality measurements
in five Asian rivers—the Ganges, Mekong, Yangtze, Yellow, and
Han River (Figure 1). The Ganges, Mekong, Yangtze, and Yellow
River all originate from the Himalayan-Tibetan Plateau, draining
some of the largest watersheds in the world (Milliman and
Farnsworth, 2011). These river systems share certain common
hydrological and demographic characteristics, such as intense
monsoon-driven seasonality of flow and high population density
along their banks (Park et al, 2018). The Ganges River is
2,515km long, flowing from the Himalayas through India,
Nepal, and Bangladesh to the Bay of Bengal, with a drainage
area of 1,050 x 10> km* (Meybeck and Ragu, 2012). The Mekong
River is 4,800 km long, flowing from the Tibetan Plateau through
six countries to the South China Sea, with a drainage area of 800 x

10° km? (Milliman and Farnsworth, 2011). The 5,500 km long
Yellow River flows from the Tibetan Plateau through nine
provinces in Northern China to the Bohai Sea, with a drainage
area of 750 x 10°km? (Milliman and Farnsworth, 2011). The
Yangtze River traverses 6,380 km eastward from the Tibetan
Plateau to the East China Sea, draining a total area of 1810 x
10°km” and, covering the Sichuan Basin and Middle-Lower
Reach Plains (Ran et al., 2017a). The 494 km long Han River,
consisting of the North Han and South Han branches and the
lower Han River, drains an area of 34 x 10> km” in the middle of
the Korean Peninsula and flows westward into the Yellow Sea
(Kim et al, 2021). A large population living in this region is
affected by heavy monsoon rainfalls and associated sediment
transport to the floodplains. For agricultural irrigation, and
domestic, or industrial purposes, people depend on river water
via many dams and reservoirs being constructed on the rivers
over the last few decades (Lehner et al., 2011).

Four large rivers excluding the Han River were sampled in the
mainstem, tributary, and wastewater drain sites from March 2015
to July 2019 to explore spatial and seasonal variations in pCO,
and other water quality parameters (Figure 1; Supplementary
Table S1). Four main branches of the Ganges traversing were
considered as the mainstem, including the Yamuna and Ganga
traversing the northern India and two bifurcated distributaries,
namely the Hooghly in India and the Padma in Bangladesh
flowing towards the Bay of Bengal. The Mekong River
mainstem comprises the upper Mekong (Lancang) and the
lower Mekong River. The Yangtze and Yellow River consist of
a single mainstem. Sampling was conducted along the mainstems,
urban tributaries, and wastewater drains within or downstream of
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major metropolitan areas (e.g., Kolkata and Dhaka).
Measurements include water temperature, pH, TA, pCO,, and
DOC. This study focused on the analysis of CO, as well as DOC
for the five river basins across Asia. Monsoonal samples were
collected from 65 locations, including 22 in the Ganges, 19 in the
Mekong, 2 in the Yangtze, and 22 in the Yellow River, while dry-
season samples were collected from 65 locations, including 22 in
the Ganges, 23 in the Mekong, and 20 in the Yellow River.

In the Han River, field surveys were repeated at various
intervals from July 2014 to May 2020 to explore the spatial
and seasonal variations as well as localized pollution impacts
that vary longitudinally along the river. The mainstem was
divided into three reaches: the upper (U), middle (M), and
lower (L) reaches. Different sites along urban tributaries and
effluents from a wastewater treatment plant were also sampled
together with mainstem sites. Water temperature, pH, TA, pCO,,
and DOC were measured at 31 locations, including 4 in the upper
reaches, 7 in the middle reaches, 5 in the lower reaches, 14 in
tributaries, and one discharge of a wastewater treatment plant
during the monsoon (from June to September) and dry season
(from October to May). It should be noted that sporadic rainfalls
have been recorded during the dry season.

The data of pCO, measured in the Ganges, Mekong, and
Yellow River have been reported by Begum et al. (2021). pCO,
data measured in the Wuding River, a Yellow River tributary,
have been reported by Ran et al. (2017b), while measurements in
the Yangtze River in 2018 have not yet been published. While
pCO, data measured in the Han River from 2014 to 2017 have
been reported by Jin et al. (2018), more recent measurements
from 2018 to 2020 have not yet been published. Field surveys in
the Ganges, Mekong, and Yellow River from 2016 to 2019
included concomitant measurements of water temperature,
pH, TA, pCO,, and DOC (Begum et al, 2021), while field
measurements in the Yangtze, Wuding, and Han River from
2014 to 2020 included simultaneous measurements of water
temperature, pH, TA, pCO,, and DOC.

2.2 Sampling and In Situ Measurements
Water samples were collected at 10-20 cm below the surface. In
the Ganges, Mekong, Yangtze, and Yellow rivers, water samples
were directly collected using acid-washed polycarbonate bottles
and immediately frozen before being transported in an icebox to
the lab in Korea within a week of collection. In the Han River, water
samples were collected through a peristaltic pump (Masterflex E/S,
Cole-Parmer, IL, USA) into acid-washed amber glass bottles. A
portable multiparameter meter (Orion 5-Star Portable, Thermo
Scientific, USA) was used to measure in situ water quality
parameters, such as water temperature, pH, dissolved oxygen
(DO), and electrical conductivity (EC). The barometric pressure
and air temperature were measured in situ using a portable sensor
(Watchdog 1,650 Micro Station, Spectrum Technologies, IL, USA)
or collected from the Internet (https://www.timeanddate.com/
weather/).

The manual headspace equilibration method was performed on
site with water samples collected from the same water depth as
water samples (Yoon et al., 2016). For the headspace equilibration,
a polypropylene syringe (60 ml; HSW Norm-Ject Luer Lock Tip;

Improving River pCO, Estimation

Henke-Sass Wolf GmbH, Germany) was used to collect a 30 ml
water sample and then a 30 ml ambient air sample. At the same
time, a 30 ml ambient air sample was collected in another syringe
to measure the CO, mixing ratio in ambient air separately. After
vigorously shaking water and air samples in the syringe for 2 min
(Yoon et al., 2016), approximately 20 ml of the equilibrated air
sample was transferred to a pre-evacuated 12 ml Exetainer vial for
gas analysis in the laboratory. The stored gas sample was greater
than the vial volume to generate overpressure and hence minimize
concentration changes associated with potential gas leakage. Vials
had been flushed with high-purity N, gas before the vial was
evacuated using a pump. “Blanks” (without samples) were analyzed
together with the samples to correct the effect of any remaining
CO, gases after evacuation. The gas analysis was generally
completed within a month after sampling.

Continuous underway measurements of riverine pCO, during
the dry season were conducted in the lower Ganges and a
tributary near Dhaka in February 2018, and in the Mekong
and connected Tonle Sap around Phnom Penh in January
2017. Continuous measurements of pCO, were conducted
using a spray-type equilibrator connected to an infrared gas
analyzer (IRGA; LI820, Li-Cor, USA), as described by Yoon
et al. (2016) (Table 1).

2.3 Laboratory Analyses
CO, concentrations in equilibrated and ambient air samples were
measured using gas chromatography (GC; 7890A, Agilent, USA)
(Jin et al,, 2018). Measured gas concentrations in equilibrated and
ambient air samples were used together with the barometric
pressure and water temperature to calculate pCO, and dissolved
CO, concentrations based on Henry’s law (Hudson, 2004).
Water samples were filtered using pre-combusted (450°C) glass
fiber filters (GF/F, Whatman; nominal pore size 0.7 um) in the
laboratory, and filtered water samples were then analyzed for DOC
and TA. The concentration of DOC was measured by a total organic
carbon (TOC) analyzer using high-temperature combustion of OM
followed by thermal detection of CO, (TOC-Vcpy, Shimadzu,
Japan). TA was measured with 40-80 ml filtered samples using
an automated electric titrator (EasyPlus Titrator Easy pH, Metrohm,
Switzerland) based on the Gran titration method. To determine the
equivalence point at pH between 3 and 4, a strong acid (0.1 N HCI)
was used for the titration (Gran, 1952). As part of quality assurance,
duplicate analyses of DOC and pCO, were performed for
approximately 10% of all analyzed samples, while triplicate
analyses of TA were conducted for the same samples. Standards
with known concentrations and ultrapure water were analyzed for
each batch of ten samples to determine instrumental stability and
accuracy. The relative standard deviation for replicate measurements
of DOC and TA was <5%.

2.4 pCO, Calculation From pH and TA

pCO, was calculated using the CO2SYS program (Lewis and
Wallace, 1998; Pierrot et al., 2006), which has been widely used to
calculate riverine pCO, from temperature, pH, and TA. We
calculated values of pCO, from temperature, pH, and TA,
using the carbonic acid dissociation constants of Millero
(1979) for freshwater systems and the CO, solubility constant
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TABLE 1 | Summary of the partial pressure of CO, (pCO,) methods used in this study, including manual headspace equilibration, automated equilibration, and CO2SYS

(carbonate equilibria-based model).

System Principle Measurement/calculation method Equilibration References

time (min)
Manual headspace Direct measurement Gas equilibration by manual shaking in the headspace above <2 Kling et al. (1992), Hope et al.
equilibration the water sample collected in a syringe or bottle (1995), Yoon et al. (2016)
Spray-type Direct measurement Gas equilibration by spraying gas-containing water droplets 1-12 Feely et al. (1998), Webb et al.
equilibrator (2016), Yoon et al. (2016)
CO2S8YS Carbonate equilibria- Carbonate equilibria-based model using TA, pH, and Lewis and Wallace (1998), Pierrot

based calculation

from Weiss (1974). The difference in the calculated pCO, using
this method is 2% lower than that of the PHREEQC program
reported by Hunt et al. (2011). Abril et al. (2015) suggested that
large discrepancies between the calculated and measured pCO,
values may not be related to differences in software or
dissociation constants (Abril et al., 2015).

2.5 Statistical Analyses

The relationships between calculated pCO, and other measured
parameters, including pH, TA, and DOC were analyzed using
best-fit regressions in SigmaPlot (Systat Software Inc.).
Regression analysis determined the agreement between the
calculated and measured pCO, in the mainstem, tributary, and
wastewater sites across the four large Asian rivers and Han River.
All statistical analyses were performed after applying the Shapiro-
Wilk test to examine the normal distribution of the data using
SigmaPlot or R. Given the nonnormal distributions of data sets,
we conducted a nonparametric t-test (Mann Whitney U test) to
explore seasonal differences in pCO,, pH, TA, DOC, and water
temperature for the mainstems, tributaries, wastewater drains or
urban streams for each of the five Asian rivers. Statistical
significance was set at p < 0.05, unless otherwise stated.

3 RESULTS

3.1 Comparison of Measured and
Calculated pCO. in Five River Systems

Measured values of pCO, revealed large spatial variations among
mainstems, tributaries, and wastewater drains across the five river
basins (Table 2). In the four large Asian rivers excluding the Han
River, pCO, varied between 224 and 34,151 patm, with the lowest
pCO, value observed along the upper reaches of the Ganges
(Table 2). The highest pCO, of 34,151 patm was observed in
wastewater drains of the Mekong basin during the dry season. In
the Han River basin, pCO, varied between 43 patm and
13,094 patm, with the mean pCO, increasing downstream
along the mainstem as affected by higher pCO, levels in
tributaries and wastewater effluents along the lower reach
(Table 2). The highest pCO, level in the Han River was
measured in the wastewater effluents during a dry period.
DOC  concentrations varied between 02mgL™" and
263mgL™", with the lowest DOC observed in a headwater
stream of the Ganges during the monsoon season (Table 2).
The highest DOC concentration was found in the middle reach

temperature as input parameters to calculate pCO,

et al. (2006)

of the Yamuna that drains the Delhi metropolitan area during a dry
period. The pH value varied between 3.0 and 9.3, with the lowest pH
observed in the upper reach of the mainstem Han River (Table 2).
The highest level of pH was found in a tributary of the Yellow River
during a dry season. TA varied between 27 and 11,000 peq L™’, the
lowest TA was observed in a tributary of the Han River during a
monsoon season (Table 2). The highest level of TA was observed in
a tributary of the Yellow River during a monsoon season.

The comparison between calculated and measured pCO, values in
the five river basins exhibited stronger positive deviations when the pH
was lower than 7 (Figure 2). Mean pCO, deviations were higher at the
sites with lower pH (<7) and TA (<500 peq LY during both monsoon
and dry seasons (Table 3). In the four large rivers, calculated pCO,
reached 46,476 patm (measured pCO,: 1,670 patm) ata pH of 6.34 ata
wastewater site on the Ganges River during the monsoon season, and
deviations between the calculated and measured pCO, values ranged
from —5911 to +44,806 patm. In the Han River basin, during the
monsoon season calculated pCO, reached 6,773,9120 patm (measured
pCO,: 1782 patm) at a headwater stream at a low pH of 3.0; deviations
between the calculated and measured pCO, values ranged from —1,683
to +67,737,338 patm  (Figure 2B). In contrast, potential
underestimations of pCO, compared to measured pCO, were
observed in the samples with pH > 92 (Figure 2B). The
comparison between the calculated and measured pCO, values in
the four large rivers exhibited negative deviations at wastewater sites
during dry periods (Figure 3A). In contrast, the comparison between
calculated and measured pCO, values exhibited large positive
deviations in the mainstems, tributaries, and wastewater sites during
the monsoon season (Figure 3B). Across the Han River, the
comparison between the calculated and measured pCO, values
exhibited relatively large positive deviations for the mainstem and
tributary sites during dry periods (Figure 3C). For the mainstem,
tributaries, and wastewater sites of the Han River, stronger positive
deviations were observed during the monsoon season than during the
dry season (Figures 3C,D).

3.2 Relationships Between pCO, and Other

Environmental Variables

The calculated pCO, subtracted from the measured pCO, were
negatively correlated with pH for the mainstem, tributaries, and
wastewater sites of the five river basins during both monsoon and
dry seasons (p < 0.05; Figures 4, 6). Large deviations of the
calculated pCO, from the measured pCO, were found for the
samples with relatively low concentrations of DOC and TA
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TABLE 2 | Comparison of water temperature (Temp), pH, total alkalinity (TA), dissolved organic carbon (DOC), and partial pressure of CO, (pCO,) measured in five river systems in Asia between monsoon (wet) and dry
season. Values are means followed by ranges in parentheses. N represents the number of the study sites.

Rivers

Ganges
Mainstem
Tributary
Wastewater
Mekong
Mainstem
Tributary
Wastewater
Yellow
Mainstem
Tributary
Yangtze
Mainstem
Han River
Mainstem (U)
Mainstem (M)

Mainstem (L)
Tributary

Wastewater

N Temp (°C) pH TA (ueq L) DOC (mg L™") pCO; (patm)
Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
22 22 21.2 26.5* 7.7 7.5(6.1-8.3) 2,439(593-6,898) 1,093 (84-1923) 5.6 2.1(0.2-5.9) 5,678 (335-20,580) 1807 (224-5,659)
(13.8-27.1) (4.0-31.6) (6.9-8.5) (0.5-26.3)
11 15 19.2 25.9* 7.9 7.8(6.1-8.3) 1787 (593-6,898) 1,172 (84-1923) 3.32 1.9 (0.2-5.0) 2,647 (335-20,580) 1732 (224-5,660)
(13.8-23.4) (4.0-31.6) (6.9-8.4) (0.5-26.3)
7 4 22.3 28.1* 7.3 7.1(6.3-82) 2,462 (598-5,102) 732 (365-994) 412 2.0 7,340* (664-15,010) 1936 (746-3,905)
(21.7-22.9) (25.5-30.0) (6.9-8.5) (0.5-8.1) (0.94-3.18)
4 3 24.9 27.3 7.4 6.8(6.3-7.2) 4,198 1,178 14.3 3.2% 11,109 2024 (1,670-2,287)
(23.2-27.1) (26.0-29.0) (7.2-7.7) (3,754-4,893) (962—1,450) (7.7-19.2) (1.7-5.9) (3,685-18,623)
23 19 28.7 28.3 7.3 7.0(6.4-8.2) 1821 (455-4,483) 881** (660-2016) 38 2.9 (1.7-8.9) 7,833 3,387
(25.0-31.3) (26.8-31.2) (6.8-7.6) (1.6-10.1) (1,347-34,151) (1,101-7,086)
10 9 26.2 27.3 75 7.3(6.7-7.5) 1,083 (573-1,478) 1,020(387-2,335) 1.7 (1.0-3.6) 1.8 (1.4-2.0) 2,333 (433-3,729)  2,345(1846-2,948)
(21.4-29.2) (23.8-29.5) (6.4-8.4)
7 6 28.2 28.3 7.2 7.06.4-75) 1,511(455-3,583) 716 (660-774)  2.9(1.6-4.4) 21 (1.7-3.0) 4,079 (1,347-6,229) 3,775 (1860-7,753)
(25.0-31.3) (26.7-30.4) (6.8-7.6)
6 4 29.2 28.0 7.3 6.9(6.4-8.2) 2,183 1,101 (718-2016) 4.8 4.1 (2.0-8.9) 12,213 3,896
(28.8-29.9) (26.8-31.2) (7.0-7.5) (1,065-4,483) (1.9-10.1) (1766-34,151) (1,101-7,086)
20 22 135 25.4* 8.5 8.6(7.9-9.2) 5,563 5,328 47 (1.4-95) 55(2.3-11.4) 1,063 (500-4,429) 1,009 (470-2,708)
(7.1-22.6) (15.1-30.5) (7.9-9.3) (3,090-9,950) (264-11,000)
3 3 19.0 27.3 8.1 8.1(7.9-8.1) 3,240 1,112(709-1,386) 2.2 (2.2-2.3) 5.0 (2.3-10.4) 1,403 (1,253-1,513) 2088 (1,314-2,708)
(16.0-22.6) (24.0-29.3) (8.1-8.2) (3,090-3,345)
17 19 12,5 25.1* 8.6 8.7(8.4-9.2) 5,973 5,993 51(1.4-9.5) 5.5(2.9-11.4) 1,003 (500-4,429) 839 (470-2,647)
(7.1-18.7) (15.1-30.2) (7.9-9.3) (3,650-9,950) (224-11,000)
2 26.5 7.7(7.6-7.7) 1,505 2.1 (1.9-2.2) 1866 (1819-1914)
(24.0-28.6) (1,424-1,585)
31 30 12,7 24.0% 7.4 7.0%* 1,132 (37-2,746) 851 (27-2,409) 25 25(0.6-5.5) 2,194 (43-13,094) 2,621 (48-10,186)
(0.1-29.6) (9.2-34.2) (5.3-9.0) (5.7-9.3) (0.5-18.9)
4 4 9.3(0.1-19.5) 21.7* 7.4 7.4 713 (37-1,357) 507 (60-1,068) 1.4 (0.5-2.3) 1.8 (0.6-3.0) 779 (43-1,575) 1,330*
(11.7-31.0) (5.3-8.5) (6.0-8.1) (159-2,690)
7 7 12.1 25.5% 7.5 7.8(6.5-9.3) 981 (342-1,379) 802 (343-1,287) 2.1 (1.2-2.6) 2.0 (1.2-3.4) 961 (128-2038) 1,021 (51-2,714)
(1.3-20.2) (22.1-30.8) (6.3-9.0)
5 5 13.4 26.0** 7.4 7.4(6.4-8.8) 1,008 (449-1,483) 892* (449-1,244) 2.4 (1.4-3.6) 2.3 (1.6-3.2) 1,490 (86-3,944) 2,411 (59-5,633)
0.7-22.7) (20.6-34.2) (6.3-8.6)
14 13 14.8 22.5* 75 6.9 1,626 (53-2,746) 1,075 3.3 32 (1.8-4.1) 3,651 (44-9,865) 4,272 (48-9,638)
(3.6-29.6) (9.2-30.1) 6.3-8.7) (5.7-8.6) (27-2,409) (0.9-18.9)
1 1 16.7 27.6 6.6 6.6(6.3-6.8) 1,337(804-1,676) 1,240(804-1,676) 4.9 (4.2-5.7) 4.7 (3.9-5.5) 10,326 8,886
(11.9-22.9) (24.4-30.8) (6.4-6.8) (8,958-13,004) (7,568-10,186)

Yangtze River included data only for the mainstem sites; U: upper reach; M: middle reach; L: lower reach; Significant differences between monsoon and dry season for different locations of the river and each river basin at p < 0.05 and p < 0.01
are indicated by * and **, respectively.
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FIGURE 2 | Comparison of the measured and calculated partial pressure of CO, (0CO,) (A) and the difference between calculated and measured pCO, as a
function of pH (B) in the mainstems (M), tributaries (T), and polluted urban tributaries or wastewater effluents (W) of the five studied river basins across Asia. The studied
rivers include the Ganges, Mekong, Yangtze, Yellow, and Han River. The dashed black line represents the 1:1 line.

TABLE 3| Seasonal variations in the mean partial pressure of CO, (0CO,) deviations (calculated minus measured values and their proportions in measured values), pH, total
alkalinity (TA), and dissolved organic carbon (DOC) in the five Asian Rivers during the dry and monsoon (wet) seasons.

Sample pCO, Relative pCO, pH TA (peq L) DOC (mgL™)
number (N) deviation (patm) deviation (% of
measured pCO,)
Dry Monsoon Dry Monsoon Dry Monsoon Dry Monsoon Dry Monsoon Dry Monsoon

Ranked by calculated- measured pCO, as % of measured pCO,

>-10% 35 29 -1,083 -908 -40% -39% 7.8 7.9 1,463 1,003 2 3

<-10% 18 16 -307 -65 -5% -5% 7.9 7.9 3,743 2,820 4 2

<+10% 23 20 167 59 4% 3% 7.8 8.2 3,196 4,331 5 5

<+50% 50 18 1,050 580 29% 25% 7.4 7.4 1,496 809 4 2

>+50% 27 1h 1,329 1781 74% 72% 7.4 7.3 1,119 931 2 2

>+100% 45 51 5,153 8,123 491% 529% 7.2 6.9 1,182 874 2 3
Ranked by pH

pH > 8 50 42 8 -305 25% -1% 8.4 8.5 3,199 3,358 3 4

pH 7-8 108 54 437 590 85% 190% 7.5 7.5 1,434 966 3 2

pH< 7 38 46 5,411 8,523 278% 349% 6.7 6.7 927 802 3 3

pH < 6 2 3 13,755 2,341 1,558% 271% 55 5.9 17 41 1 2
Ranked by TA (ueq L™

TA>2000 48 23 7 130 28% -0.4% 8.1 8.5 4,200 5,435 6 5

TA 1000-2000 90 41 2,238 3,634 130% 142% 7.4 7.5 1,252 1,319 3 3

TA<1,000 39 58 971 3,811 142% 175% 7.5 7.3 768 779 2 2

TA<500 18 16 1,628 2,204 203% 204% 7.0 7.0 328 346 1 3

TA<100 3 7 3,931 1,407 640% 175% 6.2 6.3 58 57 1 2
Ranked by DOC (mg L™")

DOC>20 1 -311 2% 7.3 6,898 26

DOC 10-20 5 2 -1,625 —2,479 7% -93% 7.4 8.3 4,011 487 16 11

DOC<10 18 12 1,123 4,046 22% 255% 7.7 8.2 3,818 4,629 7 7

DOC<5 174 131 1,545 2,859 137% 187% 7.5 7.4 1,463 1,326 2 2

All samples 198 145 1,418 2,884 122% 187% 7.5 7.5 1769 1,588 3 3

For Han River, we included monthly data from 2014 to 2020 (31 sites). Excluded samples with low pH (pH < 5) values.

(DOC<2.5; TA<500 peq L") across various sites of the four large
rivers (Figure 4). In contrast, the discrepancy between measured
and calculated pCO, is negligible for the sites with higher DOC and

TA, and no trend was discernable for the calculated minus
measured pCO, with these two variables (Figure 4). Although
it was weak, a significant positive correlation was found between
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FIGURE 3 | Comparison of the measured and calculated partial pressure of CO, (pCO,) in the mainstems (M), tributaries (T), and polluted urban tributaries or

wastewater effluents (W) of the four large Asian rivers [(A,B): the Ganges, Mekong, Yangtze, and Yellow River] and Han River (C,D) between the dry season (A, C) and
monsoon season (B, D). For the four large rivers, 122 data points are presented from Figure 2 (excluding 8 samples with the large discrepancies between the calculated
and measured values obtained at pH < 6.5 and pH < 6.3 during the monsoon and dry periods, respectively), including the mainstem (M) (n: 27 for monsoon season;

23 for dry season), tributaries (T) (n: 27 for monsoon season; 31 for dry season) and wastewater (W) (n: 4 for monsoon season; 10 for dry season) from 2015 to 2019. For
the Han River, 209 data points are presented from Figure 2 (excluding 9 samples with the large discrepancies between the calculated and measured values obtained at
pH < 6.4 during the dry periods), including the mainstem (M) (n: 53 for monsoon season; 81 for dry season), tributaries (T) (n: 25 for monsoon season; 44 for dry season)
and wastewater (W) (n: 2 for monsoon season; 4 for dry season) from 2014 to 2020. For the Han River, dry seasonal samples are indicated by filled symbols for the
months without “rainfall,” while void symbols represent the months with “sporadic rainfall.” The significant relationship (o < 0.05) is indicated by the regression line, while

pH and DOC (p < 0.05; Figure 5D) for the tributary sites during
the monsoon season. For the mainstem sites of the Han River, the
deviations of the calculated pCO, from the measured pCO, were
positively correlated with a relatively short range of DOC
concentrations from 0.64mgL'-335mgL™" (p < 0.001;
Figure 6E), while DOC concentrations had a negative
correlation with the large span of pH from 6.0 to 9.3 during the
monsoon season (p < 0.05; Figure 7D).

A comparison between the calculated and two different
measurements of pCO, (ie, headspace equilibration and spray-
type equilibrator) was made in addition to the point samplings
during the continuous underway measurement of pCO, along the
Mekong-Tonle Sap around Phnom Penh, Cambodia (in January
2017) and the Buriganga-Meghna-Ganges near Dhaka, Bangladesh
(in February 2018) and exhibited very consistent results; the deviation
from the 1:1 line was always less than 10% (Figure 8). Strong
agreement was observed between the calculated and measured

pCO, values, obtained from the two different measurement
techniques  (ie, headspace equilibration and spray-type
equilibrator) during the underway measurements across the
Ganges and Mekong. Both measurements exhibited strong linear
relationships with the calculated values (R* > 0.90; p < 0.001; Figure 8).

4 DISCUSSION

4.1 Sources of Error in Calculating pCO,

Across the five river basins, large discrepancies between the
measured and calculated values of pCO, were associated with
low pH (<7), particularly during the monsoon seasons (Figures 4,
6). The significant decrease in pH across the five rivers during the
monsoon season may result from acid rain (pH: 3.5-5; Kim et al.,
2007), which is caused by anthropogenic S and N emissions to the
atmosphere (Guo et al., 2010; Bisht et al., 2015). In the Han River
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FIGURE 4 | Relationships between the calculated minus measured partial pressure of CO, (pCO5) and pH (A, D), dissolved organic carbon (DOC) (B, E), or total
alkalinity (TA) (C, F) in the mainstems (M), tributaries (T), and polluted urban tributaries or wastewater effluents (W) of the four large rivers during the monsoon and dry
seasons. For the four large rivers, 128 data points are presented from Figure 2 (excluding 2 extreme values exceeding 25,000 patm during the monsoon season),
including the mainstem (M) (n: 29 for monsoon season; 24 for dry season), tributaries (T) (n: 29 for monsoon season; 30 for dry season), and wastewater (W) (n: 6 for
monsoon season; 10 for dry season) from 2015 to 2019. The significant relationship (o < 0.05) is indicated by a regression line through the plot. The difference between
calculated pCO, and measured pCO, against pH was plotted in y-axis in log-scale.
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FIGURE 5 | Relationships between pH and total alkalinity (TA) (A,B) or dissolved organic carbon (DOC) (C,D) in the mainstems (M), tributaries (T), and polluted
urban tributaries or wastewater effluents (W) of the Ganges, Mekong, Yangtze, and Yellow River. The significant relationship (o < 0.05) for each water type during the

monsoon or dry season is indicated by a regression line through the plot.

for the overestimation of pCO, at sites with low pH and alkalinity
(Jin et al., 2018). The observed overestimation of pCO, at low pH
is consistent with the previous findings of overestimated pCO, in

basin, the significant correlation between DOC and pH (Figure 7)
implies that soil-derived organic acids flushed from monsoonal
floods, combined with low buffering capacity, may be responsible

Frontiers in Earth Science | www.frontiersin.org 9 December 2021 | Volume 9 | Article 778215


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Nayna et al. Improving River pCO, Estimation
Dry season
A 100000 B y c
&
Q 10000 o o a
: E N oo
= G 4o A
2 = 1000 S ALY L a Porsdio "2
© E afp >, N A0 A O 2 g N
2 g 0%, A R0 A 20 ¢ A Yy
g3 of’ OB ® % 4%a8
: = ° 0 XY ° 1) *
kS 4 a a 4 4 A
3 10 % R 2
8 Cal. — meas. pCO, = 16429.6 - (1969.1 x pH) Cal. - meas. pCO, = 3339.972 - (0.977x TA)
’ R’=0.37, p<0.001 R=0.10, p<0.05
5 6 7 8 9 10 0 5 10 15 20 0 1000 2000 3000
D Monsoon season
100000 E F
e} A a
2 10000 o @ a o Mainstem ® of % =
o ® % 6 A ¢ ry A
e A b AF ?9% A % 7y A Tributary S a a . A
3 = ®  Wastewater oA
§ g 190 p = . 10° R%e6
E g ° o a @ ° A
=100 e o
3 . © 80 Q%o Cal. - meas. pCO, = -6 o %% a
® ) ° .
3 10 " 4 A
© Cal. - meas. pCO,="22146.9 - (2719.5 x pH)
o ’ R=0.30; p<0.05
5 6 7 8 9 10 0 5 10 15 20 0 1000 2000 3000
pH DOC (mg L™") TA (neq. L")
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organic-rich, acid freshwater systems (Abril et al., 2005; Abril
et al,, 2015; Liu et al., 2020). When pCO, is calculated from pH
and TA, the freshwater TA is often assumed to be dominated by
bicarbonate and carbonate (Millero, 1995). Despite this
assumption, organic acids and inorganic ions such as PO,>
and NH," can contribute significant non-carbonate alkalinity,
leading to overestimated calculations of pCO, (Supplementary
Table S2; Hunt et al., 2011; Abril et al., 2015). In particular, large
biases in estimating pCO, can occur in systems with low alkalinity
values (e.g., TA< 500 peq L™"; Abril et al., 2015; Hunt et al., 2011),
while pCO, calculations from carbonate equilibria have been
successfully applied to rivers and estuaries with moderate to high
alkalinity (Raymond et al., 1997; Frankignoulle and Borges 2001).

In the four large river basins, lowered carbonate alkalinity
during the monsoon season, combined with relatively low
concentrations of DOC, implies an increased sensitivity of
pCO; calculation to the lowered carbonate alkalinity at low
pH, rather than that of organic alkalinity (Hunt et al., 2011;
Abril et al., 2015). A large increase in monsoonal rainfall has been
shown to considerably dilute TA (Manaka et al, 2015). This
rainfall-induced dilution of carbonate alkalinity can become a
primary factor for the overestimation of pCO, at sites with low
pH and alkalinity (Li et al., 2013; Manaka et al., 2015). In contrast,
the increasing proportion of wastewater in the receiving river
reaches during dry periods can increase the river water alkalinity
due to the lack of dilution by rainwater (Hassan et al., 2017),

resulting in relatively lower discrepancies between the calculated
and measured pCO, values in the four large Asian rivers during
dry periods compared to wet periods (Figure 4A). Small
discrepancies between the calculated and measured values of
pCO, during the cruise expedition along the Ganges and
Mekong (Figure 8) also suggest that carbonate equilibria-
based calculations can be reliably applied to large rivers to
calculate pCO, from the usual ranges of pH and alkalinity
under low-flow conditions. In the case of the Han River,
inputs of soil-derived organic acids during sporadic rainfall
events may decrease pH even during the dry season (Jin et al,
2018), which appears to be responsible for the observed
discrepancies between the measured and calculated pCO,.

As some sites of the four large Asian rivers, such as wastewater
sites of the Ganges and Mekong (i.e, W1, W5-W7, W9, and
W10), some dry-seasonal negative discrepancies between the
calculated and measured pCO, (Figure 3A) were observed at
pH 7-8 (Figure 4). Wastewater discharges of organic and
inorganic alkalinity under conditions of low flows without
rain-induced dilution, not only altered the composition of
riverine OM but also increased pH and TA, resulting in
negative deviations of the calculated pCO, from well-buffered
samples (Figures 4C, 5A; Supplementary Figure S1C). The dry
seasonal negative discrepancies between the calculated and
measured pCO, observed at the various sites of the Han River
(Figure 3C) indicate the potential role of enhanced
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20000

phytoplanktonic uptake of CO, in the low DOC and neutral to
basic pH systems (Figures 6A, 7B; Supplementary Figure S3A;
Jin et al., 2018). Calculated values of pCO, below the 1:1 line
during the dry season were found at low-pCO, sites along the
mainstem and impounded sites (ie, H1-H3, H7, HI1l,
H13-H14) of the Han River (Figure 3C). We observed

potential underestimations of the calculated pCO, at highly
basic pH (Figure 2B; pH: 9.3-10), such as in the Yellow
River, which was consistent with observations of previous
research on the Zambezi River in Africa (Abril et al., 2015).
Abril et al. (2015) provided no clear explanation for the potential
underestimation of the calculated pCO, at the high pH range.
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TABLE 4 | Summary of the significant linear regressions between the calculated and measured partial pressure of CO, (0CO,) presented in Figure 3 with adjusted R?,

number of observation (), and p values for the regression model.

Season River Site
Dry

Mainstem
Tributary
Wastewater
Mainstem

Tributary

Ganges, Mekong, Yangtze, Yellow

Han

Monsoon (Wet)
Ganges, Mekong, Yangtze, Yellow
Han

Tributary
Mainstem
Tributary

4.2 Implications of pCO, Overestimations
for Estimating Riverine CO, Emissions

These results point to potential overestimations of previous
regional to global-scale riverine CO, emissions that were mostly
based on carbonate equilibria (pH-TA or pH-DIC). Raymond
et al. (2013) excluded pCO, values calculated from pH < 5.4 to
avoid any potential overestimations. However, our results
(Figure 2B; Table 3) reveal that overestimations of
calculated pCO, can occur at pH much higher than 5.4,
which is consistent with previous findings from a wide range
of river systems (Abril et al., 2015; Ran et al., 2021). When we
discarded samples with low pH values (pH < 6.5 for the
monsoon and <6.3 for the dry season) reasonably good
agreements were established between the calculated and
measured pCO, in the mainstem, tributary, and wastewater
sites of the four large rivers (Figures 3A,B; Table 4). Ran et al.
(2021) also excluded the pCO, values calculated from samples
with low pH values (pH < 6.5) to avoid potential biases in the
calculated pCO,. A more conservative approach by Lauerwald
et al. (2015) excluded all polluted sites of rivers across Europe
and America to avoid potential overestimations. Our analysis
revealed that anthropogenic acids from wastewater effluents
and/or soil-flushed CO, and organic acids could decrease both
pH and TA, causing overestimation of the calculated pCO, in
the polluted urban rivers during both monsoon and dry seasons
(Wang et al., 2017).

Across the five Asian rivers, relatively low average
overestimation of pCO, was found for dry seasonal samplings
than for monsoonal samplings (dry: 122%, monsoon: 187%;
Table 3). Abril et al. (2015) reported a range of
overestimation of pCO, (50-300%), while our average
overestimations of pCO, for seasonal samplings were lower
than their highest value (300%). The dry seasonal
overestimation of pCO, for the mainstem sites of the Han
River was higher than that of the four larger rivers
(Supplementary Figures S2, S4). This implies that inputs of
organic acids and inorganic anions such as PO,> from
wastewater effluents and/or soils can increase non-carbonate
alkalinity while the buffering capacity of the carbonate systems
can decrease at low pH, resulting in potential overestimation of
pCO, (Hunt et al., 2011; Abril et al,, 2015; Jin et al., 2018).

Cal
Cal
Cal
Cal
Cal

Cal
Cal
Cal

Equations R? P N
. pCO, = 5.5 + (0.96 x meas. pCO,) 0.94 <0.001 23
. pCO, =18.8 + (1.1 x meas. pCOy,) 0.87 <0.001 31
. pCO, = 75.2 + (0.89 x meas. pCOy) 0.87 <0.001 10
. pCO, = 750.58 + (1.17 x meas. pCOy) 0.26 <0.001 81
. pCO, = 410.58 + (1.34 x meas. pCO,) 0.84 <0.001 44
. pCO, = -447.6 + (1.7 x meas. pCO,) 0.47 <0.001 27
. pCO, = 245.23 + (1.94 x meas. pCOy) 0.52 <0.001 53
. pCO, = 2,498.1 + (1.66 x meas. pCOy) 0.44 <0.001 25

4.3 Recommendations for Improving
Estimation Accuracy

The observed overestimations of pCO, during the monsoon and
dry seasons suggest that corrective measures be taken when
employing a carbonate equilibria model to calculate pCO, in
rivers with wide ranges of acidity and organic loads under varying
weather conditions, particularly during high flow periods. We
recommend the constrained use of pCO, calculations depending
on sites and seasonal conditions. To avoid large overestimations
of calculated pCO, using pH and TA, we recommend presenting
pCO, values calculated from low pH values (pH < 6.5 for
monsoon and pH < 6.3 for dry season) together with the
original pH values to warn the potential overestimation of
pCO, from low pH values. Although potential overestimations
of pCO, from low pH values have been reported in previous
studies (Abril et al., 2005; Hunt et al., 2011; Abril et al., 2015; Liu
et al, 2020), these have often been from acidic, organic-rich
waters. Our study provides evidence that intense rainfalls and
increasing loads of wastewater can also amplify discrepancies
between the calculated and measured pCO, from low pH values
during both monsoon and dry seasons (Figures 4, 6).

Preestablished regressions between measured pCO, and
environmental variables can be used to correct overestimated
pCO, values, particularly during wet periods when major
deviations in pH and other conditions are expected. Corrective
measures such as adjusting pH to reduce the bias associated with
low pH values can reduce uncertainty levels of pH-based pCO,
calculations. However, this approach would require more
empirical relationships to be established to be applied to
specific sites. Given the growing interest in evaluating the
contribution of riverine CO, emissions to the global C budget,
it is urgent to obtain more field measurements of pCO, across
previously understudied river systems where monsoon floods
induce various effects on riverine loads of organic acids and TA,
thereby affecting pH and carbonate buffering. The lack of direct
measurements of pCO,, however, necessitates the use of
carbonate equilibria-based calculations of pCO, for many river
systems in the near future. In the long-term, direct measurements
of pCO, using manual headspace equilibration or sensor-based
instrumental measurements will provide increasingly more
reliable field-based data.
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