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Abstract 

While large rivers of the Indian subcontinent represent a “missing piece” of the global riverine CO2 

budget, anthropogenic perturbations are increasing uncertainties in estimating riverine CO2 

emissions via air-water CO2 flux (𝐹𝐶𝑂2
) from these rivers. This study aimed to provide an improved 

estimate of the total 𝐹𝐶𝑂2
 from the subcontinental rivers under increasing anthropogenic pressures by 

combining calculations of the partial pressure of CO2 (pCO2) from water quality data of eight major 

rivers with new measurements in the Ganges and Godavari. The average pCO2 in the two newly 

surveyed rivers, including tributaries, wastewater drains, and impoundments, were 3–6 times greater 

than the previously reported values. In some urban tributaries and middle reaches of the Ganges that 

drain metropolitan areas, the measured pCO2 exceeded 20,000 µatm, ~40 times the background level 

in the headwaters of the northern rivers. In the lower reaches of the Godavari, pCO2 reached 28,588 

µatm, seven times the mean pCO2 in the headwaters of the Deccan Traps. Across the northern rivers, 

pCO2 exhibited a significant negative relationship with dissolved oxygen, but a positive relationship 

with inorganic N or P concentrations. Thus, CO2 emissions from hypoxic, eutrophic reaches can 

greatly exceed the phytoplanktonic CO2 uptake. Spatially resolved pCO2 data, combined with three 

gas transfer velocity estimates, provided a higher range of 𝐹𝐶𝑂2
 from the subcontinental rivers 

(100.9–130.2 Tg CO2·yr–1) than the previous estimates (7.5–61.2 Tg CO2·yr–1). Given the revised 

estimates representing up to 5% of the global riverine 𝐹𝐶𝑂2
, constraining the 𝐹𝐶𝑂2

 from the Indian 

subcontinental rivers would be a crucial step toward reducing the large uncertainty surrounding 

estimates of global inland waters 𝐹𝐶𝑂2
. 

Keywords: Carbon dioxide, Ganges River, Godavari River, Indian subcontinent, river impoundment, 

wastewater. 
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1. Introduction 

Inland waters have been increasingly recognized as important sources of CO2 and other greenhouse 

gases (GHGs) (Bastviken et al., 2011; Raymond et al., 2013; Lauerwald et al., 2015; Maavara et al., 

2019). However, sparse field measurements in large river systems across Asia and Africa reveal 

many blind spots in the global riverine CO2 emissions, contributing to large uncertainties in the 

global carbon budget (Raymond et al., 2013; Lauerwald et al., 2015; Park et al., 2018). Raymond et 

al. (2013) provided higher estimates of global riverine CO2 emissions than Lauerwald et al. (2015), 

who did not consider CO2 emissions from polluted rivers across Europe and America or streams with 

Strahler order <3. Although Asian rivers have been estimated to account for 40%‒50% of the global 

inorganic and organic carbon fluxes from the land to the oceans (Degens et al., 1991; Ludwig et al., 

1996; Schlunz and Schneider, 2000; Dai et al., 2012), large uncertainties remain regarding the 

contribution of increasingly polluted Asian rivers to global riverine CO2 emissions (Li and Bush, 

2015; Park et al., 2018). Spatially resolved field measurements of the partial pressure of CO2 (pCO2) 

in large Asian rivers, particularly the monsoonal rivers across the Indian subcontinent (here we 

consider all or part of Bangladesh, Bhutan, India, Nepal, and Pakistan), have been suggested to 

reduce large uncertainties in estimating global riverine CO2 emissions (Li and Bush, 2015; Park et 

al., 2018). 

Anthropogenic perturbations, such as water pollution and impoundments, represent a primary source 

of uncertainty in global riverine C fluxes (Regnier et al., 2013). Wastewater can have severe 

environmental impacts on receiving rivers, particularly those downstream of rapidly expanding 

metropolitan areas (Yu et al., 2013; Yoon et al., 2017). Effluents from wastewater treatment plants 

(WWTPs) and agricultural runoffs loaded with organic matter and inorganic nutrients can alter the 

metabolic processes in the receiving river, often resulting in eutrophication, increases in the amount 

and lability of organic C, and emissions of CO2 and other GHGs (Garnier et al., 2013; Burgos et al., 

2015; Yoon et al., 2017). River impoundments can alter discharge and sediment transport (Syvitski 

et al., 2005) as well as riverine metabolic processes (Maavara et al., 2017). The altered metabolic 

processes in impounded rivers include increased rates of primary production and the subsequent 

reduction in CO2 emissions (Liu et al., 2016; Jin et al., 2018). However, enhanced emissions have 

also been observed in the early years following dam construction (Abril et al., 2005; Shi et al., 2017) 

or from some impounded reaches and downstream estuaries under the influence of monsoon floods 

(Sarma et al., 2011; Prasad et al., 2013). Impoundment can also create longitudinal discontinuities in 

the transport of dissolved organic carbon (DOC) and nutrients across the impounded and 

downstream reaches, often accompanied by changes in pCO2 (Yoon et al., 2017; Jin et al., 2018). 
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River basins across the Indian subcontinent exhibit high levels of anthropogenic perturbations, 

including rapidly increasing water pollution and impoundments (Panneer Selvam et al., 2014; Li and 

Bush, 2015; Park et al., 2018). Urbanization and population growth in the Indian subcontinent have 

increased the annual production of municipal wastewater to 19.3 km3·yr–1, accounting for 6.2% of 

the global municipal wastewater production (Park et al., 2018). Despite reach-scale field studies on 

riverine CO2 emissions from large rivers such as the Ganges (Manaka et al., 2015; Dutta et al., 2019) 

and the Godavari (Prasad et al., 2013), only a few studies have been conducted to provide a regional-

scale synthesis of riverine CO2 emissions from the Indian subcontinent (Panneer Selvam et al., 2014; 

Li and Bush, 2015). While Panneer Selvam et al. (2014) reported a relatively low estimate of CO2 

emissions based on low-resolution measurements in 45 water bodies in Southern India, Li and Bush 

(2015) obtained higher estimates of riverine CO2 emissions from relatively high estimates of gas 

transfer velocity (k). Moreover, neither of these previous estimates considered large variations in C 

fluxes between the monsoon and dry seasons, as found in the riverine organic matter fluxes (Ittekot 

et al., 1985) and estuarine CO2 emissions (Dutta et al., 2019). 

This study aimed to provide an improved regional estimate of CO2 emissions from the Indian 

subcontinental inland waters focusing on eight major rivers. We combined calculations of pCO2 from 

published water quality data and new field measurements in the Ganges and Godavari basins, used 

herein as the two representative systems under increasing anthropogenic pressures. Moreover, we 

assessed the anthropogenic impacts on riverine CO2 emissions by comparing pCO2 and other water 

quality variables among different river reaches and tributaries as well as between the monsoon and 

dry seasons. We expected that the estimate of riverine CO2 emissions from the Indian subcontinent 

would exceed the previous estimates if we take into consideration spatial and seasonal variations in 

pCO2 and river-specific gas transfer velocity (k) estimates. To provide a reliable range of emissions 

estimates, not a single best estimate, we combined the spatially resolved data of pCO2 with three 

representative k values selected from the literature. We also tested whether the increasing discharge 

of untreated or poorly treated wastewater enhances CO2 emissions from eutrophic rivers draining 

large population centers, particularly during the dry periods. 

2. Methods 

2.1. Study sites 

The study sites included the major branches and tributaries of the eight largest rivers of the Indian 

subcontinent (Fig. 1; Tables S1 and S2), which drain an area of ~3,504,000 km2 (Milliman and 

Farnsworth, 2011). The basins share some common hydrological and demographic features, 
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including high population densities compared to the global average and a large seasonality in 

discharge (Table S1). These eight rivers were grouped into “the northern rivers” originating in the 

Himalayas (Ganges, Brahmaputra, and Indus) and “the Deccan Traps rivers” that either originate 

from the Deccan Traps (Narmada, Tapti, Godavari, and Krishna) or flow through an area connected 

to the Deccan Traps (Mahanadi). More details on the eight rivers are provided in supplementary 

information. 

Literature data and recent field measurements were grouped into four categories: headwater streams, 

mainstems, tributaries, and impoundments (Fig. 1). Based on Strahler stream orders, the first-, 

second-, and third-order streams feeding into the upper end of mainstems and tributaries were 

considered as “headwaters” (Vannote et al., 1980; Lauerwald et al., 2015). The “mainstem” of each 

river was generally considered to begin at the confluence of more than two third-order headwater 

streams. Two major branches (Ganga and Yamuna) and two distributaries (Hooghly in India and 

Padma in Bangladesh) were considered to constitute the mainstems of the Ganges; the Indus and 

Sutlej branches as the Indus mainstems, Krishna and Bhima branches as the Krishna mainstems, and 

Tapti and Purna branches as the Tapti mainstems (Fig. 1). All other rivers consisted of a single 

mainstem. “Tributaries” are the first- or higher-order streams feeding into the aforementioned 

mainstems, excluding the uppermost reaches receiving headwaters. In the Ganges basin, wastewater 

drainages or polluted urban streams (“wastewater”) were additionally considered as local pollution 

sources that feed into the mainstem reaches within or downstream of the major metropolitan areas. 

River impoundments, including dams, barrages, and weirs, are formed by constructing a barrier 

across the river to store water for power generation, irrigation, and domestic consumption (Space 

Applications Centre, 2011). In the Ganges mainstems, sampling was conducted at three impounded 

sites (Ganga Barrage, Dakpatthar Barrage, and Farakka Barrage), while literature data were used for 

six other impounded sites of the Indus mainstem (Jinnah Barrage, Chashma Barrage, Taunsa Barrage, 

Guddu Barrage, Sukkur Barrage, and Kotri Barrage). Ten impounded sites were sampled across the 

Godavari basin. Data were not available for any impoundment in the four other rivers of the Deccan 

Traps. 

2.2. Field surveys in the Ganges and Godavari rivers 

To explore spatial and seasonal variations in riverine CO2 concentrations and emissions across the 

Ganges (30°59'N  , 78°56'E to 23°14'N, 90°38'E), samples were collected from August 2017 to 

February 2019 (Fig. 1; Table S2). These field surveys were conducted as part of a regional-scale 

study comparing the concentrations of three major GHGs (CO2, CH4, and N2O) in the Ganges, 
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Mekong, and Yellow rivers (Begum et al., 2021). CO2 concentrations in the Ganges were used in this 

study to estimate riverine CO2 emissions. Urban tributaries or wastewater drains were sampled 

together with the polluted reaches of the four main branches of the Ganges, within and downstream 

of the major metropolitan areas (Delhi, Kanpur, Varanasi, Kolkata, and Dhaka) (Fig. 1). Surface 

water pCO2 was measured using a manual headspace equilibration method (Kling et al., 1992; Yoon 

et al., 2016). CO2 concentrations in the equilibrated headspace air samples and the ambient air 

samples were measured on a gas chromatograph (7890A, Agilent, USA), which was equipped with a 

flame ionization detector coupled with a methanizer and a microelectron capture detector (Jin et al., 

2018). Barometric pressure was measured using a portable sensor (Watchdog 1650 Micro Station, 

Spectrum Technologies Inc., USA). The CO2 concentrations of the equilibrated and ambient air 

samples were used with barometric pressure and water temperature to calculate pCO2 and CO2 

concentrations in the surface water based on Henry’s law (Hudson, 2004). 

Water samples were also collected from 10–20 cm below the water surface either directly in the 

bottle or via a portable water sampler (Masterflex E/S, Cole-Parmer, Illinois, USA) for chemical 

analysis. At the same time in situ water quality parameters including water temperature, pH, 

dissolved oxygen (DO), and electrical conductivity (EC) were measured using a portable 

multiparameter meter (Orion 5-Star Portable, Thermo Scientific, USA) at each sampling point. The 

samples were subsequently frozen and sent in an icebox to Korea within a week for chemical 

analysis in the laboratory. Water samples were filtered by pre-combusted (450°C) glass fiber filters 

(GF/F, Whatman; nominal pore size 0.7 µm) in the laboratory. Major inorganic ions including NO3
−, 

NH4
+, and PO4

3− dissolved in water were analyzed on an ion chromatograph (883 Basic IC Plus, 

Metrohm, Switzerland) and dissolved inorganic N (DIN) was calculated from total N concentration 

in NO3
− and NH4

+. For quality control of all the chemical analyses of the water samples, standards 

with known concentrations and ultrapure water were analyzed for each batch of ten samples, and 

triplicate analysis was performed for approximately 10% of all the samples to assess instrumental 

stability and accuracy. TA was analyzed 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 4 and 3, a strong acid (0.01 N HCl) was used to 

titrate (Gran, 1952). 

Across the Godavari, two seasonal field surveys were conducted from headwater to mouth (20°00'N, 

73°73'E to 17°02'N, 81°76'E) at 32 sites, including ten impounded locations, along the mainstem and 

tributaries during a monsoon (July-August) and a dry (March-April) period of 2012. Twenty-one 

sites along the upper, middle, and lower reaches of the mainstem and one site on an urban tributary 



 

6 
 

(Dharna River, 19°93'N, 73°86'E) were sampled during this period. Surface water samples were 

collected using 5 L Niskin bottles to analyze the pH and dissolved inorganic carbon (DIC). DIC was 

analyzed by coulometric titration using a coulometer (UIC Inc., USA). A portable conductivity-

temperature-depth profiler (CTD; SBE-19 plus, Sea-Bird Electronics, USA) was used to measure 

water temperature and salinity. 

2.3. Calculations of CO2 concentrations and fluxes 

2.3.1. Calculation of pCO2  

Water quality data, including pH, temperature, dissolved oxygen (DO), total alkalinity, NO3
––N, and 

PO4
3––P, were obtained from the Global River Chemistry database (GLORICH; Hartmann et al., 

2014) and other published sources to calculate riverine pCO2 and examine important environmental 

factors. The values of pCO2 were calculated from alkalinity, pH, and water temperature using 

CO2SYS (Lewis and Wallace, 1998; Pierrot et al., 2006). In the case of the Hooghly and Godavari 

estuaries, we calculated pCO2 from DIC, pH, water temperature, and salinity. To avoid potential 

overestimations of pCO2 associated with organic acid contributions and increased sensitivity to 

alkalinity in acidic, organic-rich waters with low carbonate buffering capacity (Abril et al., 2015), we 

excluded all values of pCO2 that were calculated from the input data with a pH < 5.5. Based on this 

criterion, we excluded pCO2 values greater than 40,000 μatm at 9 sampling locations of the northern 

rivers among the total of 638 sampling locations of the subcontinental rivers. 

2.3.2. Calculation of air-water CO2 flux  

The air-water CO2 flux (𝐹𝐶𝑂2
) in a river system was calculated according to the equation (1). 

𝐹𝐶𝑂2
= 𝛥𝐶𝑂2 × 𝑘 × 𝐴𝑟𝑖𝑣𝑒𝑟 . ………………………………………………….………………… (1) 

ΔCO2, k, and 𝐴𝑟𝑖𝑣𝑒𝑟 represent the air-water CO2 concentration gradient, the gas transfer velocity, and 

the river surface area, respectively (Wanninkhof et al., 2009; Raymond et al., 2012; Lauerwald et al., 

2015). ΔCO2 was calculated as the difference in pCO2 between the surface water and ambient air, 

and then converted to the concentrations of CO2 using the solubility coefficient of CO2, 𝐾ℎ (mmol m–

3 μatm–1) (Eq. 2). While the surface water pCO2 was either measured or calculated as described in the 

preceding sections, an average atmospheric pCO2 (436 μatm) was determined from our field 

measurements along the Ganges. 𝐾ℎ was calculated by using the equation (3) and the in situ water 

temperature (𝑇𝑤𝑎𝑡𝑒𝑟 ) estimated by the equation (4). The annual average air temperature at the 

sampling location, 𝑇𝑎𝑖𝑟  , was used to estimate the annual average water temperature,  𝑇𝑤𝑎𝑡𝑒𝑟 

following Lauerwald et al. (2015). 
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𝛥𝐶𝑂2 =  𝐾ℎ × (𝑝𝐶𝑂2 𝑤𝑎𝑡𝑒𝑟 − 𝑝𝐶𝑂2 𝑎𝑖𝑟)………………………………..…………….………. (2) 

𝐾ℎ = 10−(1.11+0.016×𝑇−0.00007×𝑇2)……………………………………………………………. (3) 

𝑇𝑤𝑎𝑡𝑒𝑟 [℃] = 3.941 ± 0.007 + 0.818 ± 0.0004 𝑇𝑎𝑖𝑟  [℃]…………………………………… (4) 

Annual average air temperatures were derived from an internet source 

(https://www.timeanddate.com/weather/). As input data required to calculate k using the widely used 

models (e.g., Raymond et al., 2012) were not available for many study sites of the eight rivers, we 

selected three published k values used for the similar streams and rivers in terms of the stream size 

and climate zone. The values of k1 and k2 were the minimum and the maximum of the k values used 

by Lauerwald et al. (2015) to calculate 𝐹𝐶𝑂2
 from the “streams and small rivers” or “large rivers” in 

the “temperate zone” (25°–50°) or “tropical zone” (<25°), respectively. Specific k1 and k2 values 

were selected based on the latitude of each site. Following the latitudinal zonation used by 

Lauerwald et al. (2015), the values of k1 (3.53–7.58 m day–1) and k2 (4.36–10.2 m day–1) calculated 

for the “streams and small rivers” were applied to the headwater stream and tributary sites, while 

those for “large rivers” were applied to the mainstem and impoundment sites. The values of k3 were 

taken as the averages of k values measured by Alin et al. (2011) in the large river reaches (width 

>100 m) and small tributaries and streams (width <100 m) of the Lower Mekong Basin. These two 

values of k3 were applied to the mainstem and impoundment sites (4.4 m day–1) or the headwater 

stream and tributary sites (6.7 m day–1). 

To estimate the surface area of the subcontinental inland waters, we combined the published 

estimates for the surface areas of rivers, streams, reservoirs, and lakes. First, the surface area for the 

eight major river basins (21,251 km2) estimated at mean annual discharge was obtained from Allen 

and Pavelsky (2018). While the eight rivers account for 90% of the total discharge from the 

subcontinent (Milliman and Farnsworth, 2011), the surface area of the streams and rivers comprising 

the remaining 10% of discharge was estimated from the surface area of the eight rivers assuming a 

constant ratio for discharge to surface area. The surface areas for reservoirs and lakes in India were 

estimated for the pre-monsoon and post-monsoon season by Space Applications Centre (2011). The 

reservoirs and lakes in Bangladesh and Pakistan were excluded due to the lack of data. Therefore, 

combining the surface areas of the subcontinental rivers and India’s lakes and reservoirs yields a 

conservative estimate for the total surface area of the subcontinental inland waters. 

The area-weighted mean areal 𝐹𝐶𝑂2
 (mmol m-2 day-1) for each river basin was calculated from the 

mean areal 𝐹𝐶𝑂2
 and the surface area of each river component (headwaters, mainstems, tributaries, 

and impoundments). In the cases of the Ganges and Godavari, we calculated areal 𝐹𝐶𝑂2
 from the 

https://www.timeanddate.com/weather/
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mean pCO2 values of monsoon and dry-season measurements. For the rivers lacking data for one or 

more of the four river components, the mean areal 𝐹𝐶𝑂2
 was calculated from the values for the 

mainstems and tributaries (Tapti and Mahanadi) or the headwaters, mainstems, and tributaries 

(Brahmaputra, Narmada, and Krishna). The area-weighted mean areal 𝐹𝐶𝑂2
 for each river basin was 

multiplied by its total surface area to produce the total annual 𝐹𝐶𝑂2
. The estimates of the annual 

𝐹𝐶𝑂2
were summed to obtain the total annual 𝐹𝐶𝑂2

 from the eight river basins. 

To calculate uncertainty ranges of pCO2 and 𝐹𝐶𝑂2
 estimates, we used the Monte Carlo approach 

following Horgby et al. (2019). Based on the distribution of the pCO2 and 𝐹𝐶𝑂2
 values of each river 

basin, 10,000 sets of random data with 100 data points each were generated. The means of pCO2 and 

𝐹𝐶𝑂2
 were calculated for each of these 10,000 sets of random data. Finally, the calculated 5th and 

95th percentiles of the confidence interval for these means of pCO2 and 𝐹𝐶𝑂2
were used to provide an 

uncertainty range. The calculated 5th and 95th percentiles of the confidence interval of 𝐹𝐶𝑂2
were 

multiplied by the total surface area of the river basin to calculate the uncertainty range of the total 

annual 𝐹𝐶𝑂2
for each river basin. The calculated uncertainty ranges of the total annual 𝐹𝐶𝑂2

 were 

summed to obtain the uncertainty range of the total annual 𝐹𝐶𝑂2
 from the eight rivers. 

2.4. Statistical analyses 

The relationships of pCO2 with other measured parameters, including temperature, pH, alkalinity, 

and DO, were analyzed by best-fit regressions in SigmaPlot (version 12). Regression analyses were 

also conducted to examine the relationship between inorganic nutrients (NO3
––N and PO4

3––P) and 

pCO2. We conducted a t-test to explore the seasonal differences in pCO2 and 𝐹𝐶𝑂2
 for the mainstems, 

tributaries, and wastewater drains or urban streams in the Ganges basin. For this seasonal comparison, 

the headwater streams and impounded sites were included in the mainstem category. All statistical 

analyses were performed after applying the Shapiro-Wilk test to examine normal distribution of the 

data using SigmaPlot or R. Significance level was set at p<0.05, unless mentioned otherwise. 

3. Results 

3.1. Variations in pCO2 across the Indian subcontinent 

The values of pCO2 calculated from water quality data, combined with measurements from the 

Ganges and Godavari, revealed large spatial variations in pCO2 among the headwaters, mainstems, 

tributaries, and impoundments across the eight river basins examined (Fig. 2; Table S3). In the three 

northern rivers, pCO2 was generally higher and more variable in the tributaries and mainstems than 

in the headwaters and impoundments. Meanwhile, pCO2 in the mainstems was similar to or even 
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higher than the levels found in the tributaries across the Deccan Traps. In the Godavari basin, the 

mainstems and impoundments exhibited the highest levels of pCO2. 

The average pCO2 measured in the Ganges and Godavari basins, including wastewater drains and 

impoundments, were respectively six and three times higher than those calculated from water quality 

data. The measured pCO2 reached up to 20,580 µatm in the middle reach of the Yamuna traversing 

Delhi and 27,290 µatm in a highly polluted urban tributary draining the Varanasi metropolitan area 

(Fig. 3c; Table S3). These values were over 40 times higher than the background levels found in the 

headwaters of the Ganges, Brahmaputra, and Indus (mean = 513; range: 150–1087 µatm; Figs. 2 and 

3c). The spatial and seasonal variations in pCO2 across the Ganges basin revealed local hot spots 

corresponding to very high dry-season concentrations of biochemical oxygen demand (BOD) in 

highly polluted local urban tributaries and the downstream Yamuna reach (Fig. 4a; Central Pollution 

Control Board, 2014). Significantly higher values of pCO2 were observed in the tributaries during the 

dry season (p<0.05; Fig. 4a). The highest pCO2 in the Godavari (28,588 µatm) was seven times 

higher than the mean pCO2 found in the headwaters of the Deccan Traps (4,149 µatm) and that found 

at Rayapatnam Bridge near a fish market during the dry season (Figs. 2 and 3d; Table S3). 

For the mainstem and tributary sites across the northern rivers (Ganges, Brahmaputra, and Indus), a 

significant positive relationship was observed between pCO2 and temperature (p<0.0001; Fig. 5a), in 

contrast to similarly strong negative relationships between pCO2, pH, and DO (p<0.001; Figs. 5c and 

d). A significant positive relationship was also observed between pCO2 and total alkalinity in the 

mainstems and tributaries across the northern rivers (p<0.0001; Fig. 5b). Compared to the mainstems 

of the northern rivers, larger deviations from the regressions were caused by extremely high levels of 

pCO2 in several polluted tributaries and wastewater drains. A significant negative relationship was 

observed between pCO2 and pH in the mainstems and tributaries across the Deccan Traps (p<0.001; 

Fig. S1). When the pH-pCO2 relationship of the mainstems was compared with the tributaries across 

the Deccan Traps rivers, larger deviations from the regressions were caused by extremely high levels 

of pCO2 in several polluted mainstem reaches. Similarly, when the pH-pCO2 relationship of the 

tributaries was compared between the northern and Deccan Traps rivers, larger deviations were 

found in some mainstems and tributaries of the northern rivers. A significant positive relationship 

was found between pCO2 and air temperature across the subcontinental rivers (p<0.01; Fig. S4). 

Across the subcontinental rivers, the levels of pCO2, dissolved inorganic nitrogen (DIN = NO3
–+ 

NH4
+), and PO4

3––P were generally higher and more variable in the tributaries than in the mainstems 

and headwaters (Fig. S2). The concentrations of NO3
––DIN in the impounded sites across the Ganges, 

Indus, and Godavari basins were lower than those in the mainstems and tributaries. Compared to the 
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Godavari basin, relatively high concentrations of PO4
3––P were found in the impounded reaches of 

the Indus basin (Fig. S2A). Across the northern rivers, a significant positive relationship was 

observed between pCO2 and NO3
––N only in the tributaries (p<0.001; Fig. 6a), whereas pCO2 and 

PO4
3––P were positively correlated in both the mainstems and tributaries (p<0.001; Fig. 6b). In 

contrast, the rivers in the Deccan Traps exhibited a significant negative relationship between pCO2 

and NO3
––N in the tributaries (p<0.05; Fig. 6c). A limited number of PO4

3––P data available for the 

Godavari river exhibited no significant relationship with pCO2 (Fig. 6d). 

3.2. Regional estimates for riverine CO2 emissions 

The 𝐹𝐶𝑂2
 per unit surface area displayed large spatial variations across the subcontinent, ranging 

from –9.3 to 355.7 g CO2·m
−2·d−1 (Table S4). The values of 𝐹𝐶𝑂2

 estimated for the mainstems of the 

northern rivers tended to be lower than those of the Deccan Traps rivers (Table S4). Across the 

northern rivers, the estimated 𝐹𝐶𝑂2
 was generally higher in the tributaries and mainstems compared to 

the headwaters and impounded reaches, reflecting the contribution of 𝐹𝐶𝑂2
 from polluted urban 

tributaries and downstream river sections, respectively (Table S4). A relatively low range of 𝐹𝐶𝑂2
 

from –4.7 to 10.7 g CO2·m
−2·d−1 was estimated for the headwater streams of the northern rivers, 

while generally larger values were estimated for the headwater streams of the Deccan Traps (7.1–

159.2 g CO2·m
−2·d−1; Table S4). The 𝐹𝐶𝑂2

 estimates for the impounded reaches of the Ganges and 

Indus averaged 1.7 g CO2·m
−2·d−1, which was much lower than that of the impounded reaches in the 

Godavari basin (85.4 g CO2·m
−2·yr−1; Table S4). 

The estimated surface area of 21,251 km2 for the eight major rivers consisted of 17,595 km2 for the 

northern rivers and 3,656 km2 for the Deccan Traps rivers, accounting for ~3% of the global streams 

and rivers (773, 000 km2; Allen and Pavelsky, 2018). Among the northern and Deccan Traps rivers, 

the Ganges and Godavari accounted for the largest shares of 𝐴𝑟𝑖𝑣𝑒𝑟 and 𝐹𝐶𝑂2
, respectively (Table 1). 

The high 𝐹𝐶𝑂2
values, combined with the large 𝐴𝑟𝑖𝑣𝑒𝑟, produced high annual total 𝐹𝐶𝑂2

estimates for 

the Ganges and Godavari (Table 1). In these basins, new measurements of pCO2 from the headwater 

streams through several polluted urban tributaries to the lowest reaches (Table S3) contributed to the 

relatively high 𝐹𝐶𝑂2
 values. 

The annual 𝐹𝐶𝑂2
 from the eight rivers averaged 100.9 Tg CO2·yr–1, with an uncertainty range of 97.6 

to 104.2 Tg CO2·yr–1 (Table 1). The annual 𝐹𝐶𝑂2
 estimated for the entire subcontinental rivers 

(23,376 km2) averaged 110.9 Tg CO2·yr–1, with an uncertainty range of 107.3 to 114.6 Tg CO2·yr–1 

(Table 1). The surface area of the lakes (3,262 km2) and reservoirs (17,644 km2) in India estimated 
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by Space Applications Centre (2011) was added to the estimated river surface area to obtain a 

conservative estimate of the total area for the subcontinental inland waters (44,282 km2). The 

estimates of the combined inland waters 𝐹𝐶𝑂2
 varied from 102.7 to 132.0 Tg CO2 yr−1 depending on 

the selected value of k, averaging 112.7 Tg CO2 yr−1 with an uncertainty range of 109.1 to 116.4 Tg 

CO2·yr–1 (Fig. 7). 

4. Discussion  

4.1. Regional patterns of riverine pCO2  

The combination of literature data and new measurements revealed some distinct spatial patterns, as 

illustrated by the higher levels of pCO2 in the urban tributaries and receiving mainstem reaches than 

the background levels found in the headwater streams of the northern rivers (Fig. 2; Table S3). This 

longitudinal pattern of downriver increases in pCO2 is contradictory to recent global syntheses that 

have found higher pCO2 in low-order streams due to the release of CO2 derived from soil respiration 

and the dilution of soil-derived CO2 in larger streams and rivers with increasing stream order 

(Lauerwald et al., 2015; Marx et al., 2017). The relatively low pCO2 values (mean: 513 μatm) found 

in the headwater streams of the northern rivers compared to those found in the Deccan Traps rivers 

(mean: 4,149 μatm) can be attributed to active carbonate weathering in the carbonate-rich terrain of 

the Himalayas (Dalai et al., 2002; Chakrapani and Veizer, 2005). In contrast, the relatively high 

pCO2 values in the headwater streams of the Deccan Traps rivers may be partly associated with the 

silicate weathering in the  Deccan volcanic terrain rich in granite and basalt, which creates favorable 

conditions for physical and chemical weathering at high temperature and runoff (Dessert et al., 2001; 

Das et al., 2005). An unusually high pCO2 (12,177 µatm) in a headwater stream of the Godavari 

basin  may reflect enhanced decomposition of forest detritus and organic pollutants derived from 

agricultural runoff during the dry season (Balakrishna and Probst, 2005). 

In the Ganges, the input of poorly treated wastewater to the middle and lower reaches may contribute 

to large increases in pCO2 in the urban tributaries and receiving rivers along large metropolitan and 

industrial areas (Park et al., 2018), as compared to the relatively low levels of pCO2 in the headwater 

streams draining carbonate-rich mountainous areas of the Himalayas (Dalai et al., 2002; Chakrapani 

and Veizer, 2005). The higher dry-season pCO2 in the tributaries and mainstem reaches of the 

Ganges (Fig. 4a) suggest that wastewater-derived, labile organic matter (OM) might be more 

susceptible to photo- and biodegradation under the conditions of increased light intensities and 

reduced flows (Prasad et al., 2013; Wang et al., 2017a; Yoon et al., 2017). The dry-season increases 

in pCO2 are contrary to the previous reports on monsoonal floods transferring loads of CO2 and 
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labile OM from terrestrial sources (Ittekkot et al., 1985; Li et al., 2013; Jin et al., 2018). The 

extremely high levels of pCO2 observed in the Yamuna are consistent with significantly higher levels 

of BOD in the waters draining the metropolitan areas of Delhi and Agra. This indicates that localized 

peaks of pCO2 may be directly associated with BOD loadings or indirectly with the wastewater-

boosted biodegradation of riverine organic matter (Begum et al., 2019, 2021). The BOD 

concentrations measured in the Ganges during 1986‒2014 exhibited a longitudinal pattern that 

peaked in the Yamuna reaches near Delhi and decreased along the river (Central Pollution Control 

Board, 2014), consistent with a model-based prediction (Wen et al., 2017). 

In the Deccan Traps, the highest levels of pCO2 were found in the mainstem reaches of the Godavari 

during the dry season, implying large sources of labile OM, including forest detritus, municipal 

wastewater, and agricultural runoff from the expanding urban and agricultural activities in the 

heavily forested basin (Sarin et al., 2002; Sarma et al., 2011; Prasad et al., 2013). Particularly high 

levels of pCO2 (7541–28,588 μatm) found in the middle and lower reaches of the Godavari 

traversing the urban areas may result from enhanced biodegradation of terrestrial OM by wastewater-

derived labile OM under the conditions of reduced flows during dry periods (Chavan et al., 2010; 

United Nations Environmental Program, 2016). Compared with the pCO2 values reported in the 

present study, literature-derived pCO2 estimates were relatively low across the Godavari basin (Figs. 

3b, d). Relatively low levels of pCO2 in the impounded reaches of the northern rivers (Fig. 2) 

indicated an enhanced phytoplanktonic CO2 uptake, which has been suggested by the inverse 

relationship between primary production and pCO2 observed in the impounded reaches of the 

Mississippi (Crawford et al., 2016), Yangtze (Liu et al., 2016), Yellow River (Ran et al., 2017), and 

Han River (Jin et al., 2018). River impoundments increase water residence time and sedimentation 

but decrease turbidity, creating favorable conditions for the phytoplanktonic uptake of CO2 (Deemer 

et al., 2016; Prairie et al., 2018). However, the unusually high levels of pCO2 found in the 

impounded reaches of the Godavari basin during the dry season suggest that large inputs of 

wastewater into the impounded waters that remain stagnant for several months due to dam closures 

can facilitate the bacterial decomposition of labile OM, thus elevating the level of pCO2 (Prasad et al., 

2013). High CO2 emissions from the impounded reaches and downstream estuaries of the Godavari 

during the monsoon season have been attributed to the enhanced decomposition of the allochthonous 

OM in the eutrophic impounded reaches exceeding the phytoplanktonic uptake of CO2 (Ittekkot et al., 

1985; Sarma et al., 2011; Prasad et al., 2013). 

Significant relationships between pCO2 and other water quality parameters in the mainstems, 

tributaries, and impoundments in the subcontinental rivers (Figs. 5, S1) can help decipher the role of 
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water pollution in the large spatiotemporal variations of pCO2. The relationships between water 

quality and pCO2 reflected general characteristics found in polluted urban river systems, including 

high alkalinity and lowered pH and DO (Kaushal et al., 2014; Smith et al., 2017; Wang et al., 2017b; 

Li et al., 2020). Significant negative relationships between pCO2 and pH for the mainstems and 

tributaries (Figs. 5c, S1) suggest that discharge of acid anions such as sulfates and/or acidic DOM 

components could decrease pH, thus increasing pCO2 and creating hotspots of riverine CO2 

emissions as observed in other urban rivers (Chen et al., 2002; Wang et al., 2017b, Jin et al., 2018). 

The significant positive relationship between pCO2 and water temperature in the mainstems and 

tributaries of the northern rivers (Fig. 5a), along with the similar relationship between pCO2 and air 

temperature found for all subcontinental rivers (Fig. S4), may reflect either a large input of CO2 from 

terrestrial sources or an enhanced degradation of OM fueling riverine 𝐹𝐶𝑂2
 in situ during the warmer 

monsoon season (Borges et al., 2018; Jin et al., 2018). The significant negative relationship between 

DO and pCO2 for the mainstems, tributaries, and impoundments in the northern rivers (Fig. 5d) 

suggest that enhanced respiration in the water column and anaerobic sediment could lead to low DO 

and high pCO2, consistent with previous research on urban rivers (Noriega and Araujo, 2014; Wang 

et al., 2017b; Jin et al., 2018). This result conforms to the hypothesis that urbanization intensifies the 

transformation of rivers from autotrophic to heterotrophic systems (Smith and Kaushal, 2015). 

Elevated DIN concentrations in the tributaries compared to the mainstems and headwaters in the two 

sub-regions (Fig. S2) underline the role of anthropogenic nutrients from large population centers in 

urbanized river reaches (Kaushal et al., 2014). High loadings of NO3
– and PO4

3– can alter the riverine 

metabolic processes involved in CO2 uptake and release in very complex ways (Wang et al., 2017b; 

Li et al., 2020). For example, phytoplankton blooms can enhance CO2 uptake in the early phase, 

while labile organic materials released from phytoplankton biomass can also fuel bacterial 

decomposition of the bulk OM pool, resulting in increased CO2 production (Cole and Caraco, 2001; 

Begum et al., 2019). Therefore, the significant positive relationships between pCO2 and NO3
––N or 

PO4
3––P observed for the mainstems and tributaries in the northern rivers (Fig. 6a, b) suggest that 

accelerated OM degradation in the eutrophic, anoxic reaches may enhance CO2 emissions to the 

degree exceeding the phytoplanktonic CO2 uptake (Wang et al., 2017b; Li et al., 2020). In contrast, 

the significant negative relationship between pCO2 and NO3
––N found for the tributaries in the 

Deccan Traps rivers (Fig. 6c) implies that algal photosynthesis may still act as a primary sink of CO2 

at the current eutrophic level (Wang et al., 2017b; Jin et al., 2018). These seemingly contrasting 

relationships are consistent with the prediction that increasing nutrient loadings in urbanized rivers 
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may alter the balance between photosynthesis and respiration to a tipping point beyond which the 

river shifts to a heterotrophic system (Wang et al., 2017b; Yoon et al., 2017). 

4.2. Constraining estimates of riverine CO2 emissions from the Indian subcontinent 

Previous regional and global estimates of riverine CO2 emissions did not fully consider the 

differences in emission rates among headwater streams, mainstems, tributaries, and impoundments, 

nor between the seasons with distinct differences in discharge. Accounting for these differences 

allowed our approach to provide more resolved data of 𝐹𝐶𝑂2
 for the classified river components. The 

average 𝐹𝐶𝑂2
 per unit surface area for the mainstems of the Deccan Traps rivers (39.2 g CO2·m

−2·d−1; 

Table S4) was higher than the global average (15.8 g CO2·m
−2·d−1) reported by Lauerwald et al. 

(2015), while the average 𝐹𝐶𝑂2
 estimated for the mainstems of the northern rivers (3.5 g CO2·m

−2·d−1; 

Table S4) was lower than the global average. The regional difference in geology between the 

carbonate-dominated northern rivers and the Deccan Traps of volcanic origin can partly explain the 

large differences in pCO2 levels observed in the headwater streams (Table S3). The high 𝐹𝐶𝑂2
 values 

observed in the Deccan Traps rivers may also result from enhanced decomposition of allochthonous 

OM derived from plants and anthropogenic sources. Given the fact that no direct pCO2 has been 

measured in these rivers, the accuracy of 𝐹𝐶𝑂2
 estimation needs to be improved by direct 

measurements of pCO2. 

Despite the relatively low levels of pCO2 and 𝐹𝐶𝑂2
 in the northern rivers compared to those for the 

Deccan Traps rivers, our measured pCO2 values in the Ganges basin resulted in higher estimates of 

𝐹𝐶𝑂2
 per unit surface area than the estimates based on calculated pCO2 from published water quality 

data (Fig. S3a). These results might be due to an inaccuracy in calculating pCO2 from water quality 

data collected by previous studies over a long span of years. For instance, such a small difference as 

0.1 in pH unit can result in a 20% change in the calculated value of pCO2 (Lauerwald et al., 2013). 

Alternatively, our approach took into consideration the highly polluted urban tributaries, wastewater 

drains, and impacted mainstem reaches, as well as seasonality (Figs. S3a and 4b). Localized 

increases in 𝐹𝐶𝑂2
 from polluted urban tributaries, mainstems, and impounded reaches emphasize the 

importance of incorporating anthropogenically impacted rivers in the regional and global riverine 

carbon budget. As these localized increases in 𝐹𝐶𝑂2
 were combined with the large surface area 

(𝐴𝑟𝑖𝑣𝑒𝑟), the total annual 𝐹𝐶𝑂2
 estimated for the Ganges was highest among the subcontinental rivers 

(Table 1). 
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While many dams and barrages have been constructed on the mainstems and tributaries of the 

subcontinental rivers, there are still substantial uncertainties surrounding 𝐹𝐶𝑂2
 from the impounded 

reaches across the region due to the scarcity of monitoring data (Park et al., 2018) and the variability 

in the observed impoundment effects in the northern rivers and Godavari (Table S3; Sarma et al., 

2011; Prasad et al., 2013). These uncertainties have been reflected in the wide range of reported 𝐹𝐶𝑂2
 

estimates from reservoirs and barrages in the Indian subcontinent. For instance, Li and Bush (2015) 

reported a relatively high estimate (3.08 Tg CO2·yr−1) for the impounded reaches of large Indian 

rivers without the use of direct measurements of pCO2, whereas Panneer Selvam et al. (2014) 

provided a more conservative 𝐹𝐶𝑂2
 estimate for all of the reservoirs in India, based on their 

measurements in South India (2.37 Tg CO2·yr−1). 

Scaling-up the previously reported mean areal 𝐹𝐶𝑂2
, including 20 mmol m–2 day–1 (Panneern Selvam 

et al., 2014) and 163 mmol m–2 day–1 (Li and Bush, 2015), to the estimated surface area of the 

subcontinental rivers (23,376 km2; Table 1) produces 7.5 and 61.2 Tg CO2·yr−1, respectively. Our 

estimates of the annual 𝐹𝐶𝑂2
 for the subcontinental rivers (100.9 ‒130.2 Tg CO2·yr−1; Table 1) are 

higher than the estimates based on Panneer Selvam et al. (2014) and Li and Bush (2015) by a factor 

of up to 17. Similarly, scaling up the previously reported average areal 𝐹𝐶𝑂2
 from lakes and 

reservoirs (5.3 mmol·m–2·day–1; Panneer Selvam et al., 2014) to the total estimated surface area in 

India (20,906 km2; Space Applications Centre, 2011) resulted in an estimate of 1.8 Tg CO2·yr−1. The 

lakes and reservoirs outside of India were not considered herein, so we may have obtained a 

conservative estimate of inland waters 𝐹𝐶𝑂2
 from the subcontinent, which averaged 112.7 Tg CO2 

yr−1, spanning 102.7‒132.0 Tg CO2 yr−1 (Fig. 7). The combined inland waters 𝐹𝐶𝑂2
 of the Indian 

subcontinent based on previously reported values was estimated at 9.3 and 63.0 Tg CO2 yr−1, 

respectively (Fig. 7; Panneer Selvam et al., 2014; Li and Bush, 2015). 

Panneer Selvam et al. (2014) provided the first national-scale quantification of CO2 emissions from 

the inland waters of India based on field measurements of pCO2 in South India, but they could not 

fully address data scarcity for large river systems. Moreover, they did not include data from 

reservoirs that were later recognized as significant sources of CO2 emissions (Li and Bush, 2015). A 

follow-up study by Li and Bush (2015) provided higher 𝐹𝐶𝑂2
 estimates by incorporating literature 

pCO2 data and relatively high k values based on wind speed following a study conducted in the 

Mekong River (Alin et al., 2011). Although Li and Bush (2015) used literature-based pCO2 data for 

seven major rivers of India, their data could not adequately cover the lower reaches of the mainstems 

and seasonal differences between the dry and monsoon seasons. Moreover, their study did not 



 

16 
 

consider the polluted urban tributaries and impounded reaches, which have been identified as 

significant sources of CO2 emissions by this study and other studies (Panner Selvam et al., 2014; 

Park et al., 2018; Begum et al., 2021). Our estimates of the combined inland waters 𝐹𝐶𝑂2
 of 102.7 to 

132.0 Tg CO2 yr−1 exceed the estimates based on Panneer Selvam et al. (2014) and Li and Bush 

(2015) by a factor of up to 14 (Fig. 7). Our estimates included more spatially resolved data from 

headwater streams to lower reaches of the rivers, except Tapti and Krishna. Moreover, we included 

two seasonal datasets for most of the rivers, except Krishna and Tapti. Our study considered the 

effects of increasing anthropogenic impacts by adding data from polluted urban tributaries or 

wastewater drains and affected mainstem reaches of the Ganges and impounded reaches of the three 

large river basins (Indus, Ganges, and Godavari). 

In the regional-scale carbon budgets of South Asia, riverine carbon transport, net ecosystem 

productivity, and land-use change were considered significant carbon sinks (147 Tg C·yr−1; Patra et 

al., 2013), and riverine CO2 emissions were not considered due to the lack of data. The estimated 

CO2 emissions from the subcontinental inland waters (mean: 31 Tg C·yr−1, with an uncertainty range 

of 30 to 32 Tg C·yr−1 from Monte Carlo simulations) comprise 21% (20–22%) of the estimated total 

terrestrial carbon sink of South Asia. The estimates of the subcontinental riverine 𝐹𝐶𝑂2
 account for 2–

5% of the global riverine 𝐹𝐶𝑂2
 (Table 1). This is consistent with the global spatial patterns of 𝐹𝐶𝑂2

 

identified by Lauerwald et al. (2015), which illustrated that the Ganges and large rivers in China 

between 25°N and 30°N represent the second peak in latitudinal gradient, next to the tropical rivers 

between 10°N and 10°S. Thus, the estimated rates of inland water CO2 emissions are high enough to 

change the continental to global budgets of CO2. It can therefore be assumed that the current 

subcontinental C fluxes are likely to be considerably underestimated. 

4.3. Uncertainty analysis 

Limited availability of input data for the three main components of the 𝐹𝐶𝑂2
 equation demands 

special care in comparing the estimated regional riverine CO2 emission with previous estimates. First, 

the spatial extent of streams and rivers, including accounted stream orders and surface area, can exert 

a strong influence on the potential range of 𝐹𝐶𝑂2
. To estimate the global river surface area, Downing 

et al. (2012) first established stream-order scaling relationships between the width and length of the 

river under the assumption that all rivers belong to a single branching river network. They provided 

two estimates of the global river surface area, including 485,000 km2 for rivers wider than 90 m and 

682,000 km2 based on the length and width of the Amazon River. Raymond et al. (2013) applied 

flow routing algorithm to digital topography to get the total estimate of 536,000 km2 excluding 
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Greenland, Antarctica, and seasonal effects of freezing rivers. Both studies are constrained by the 

lack of direct measurements of surface area, the quantification of statistical uncertainties, and 

consideration of regional variability in hydraulic geometry. Allen and Pavelsky (2018) used satellite 

images and a statistical method to produce a more direct estimation of the global river surface area. 

Their estimate of 773,000 km2 at annual average discharge, excluding reservoirs, lakes, canals, 

Antarctica, Greenland, and any water bodies measured at mean sea level, is 44% higher than the 

estimates provided by Raymond et al. (2013). 

Lauerwald et al. (2015) accounted for 10 stream orders in their synthesis of global riverine CO2 

emissions, excluding the first- and second-order streams that comprise about 10% of the estimated 

global river surface area but can make a disproportionate contribution to the global 𝐹𝐶𝑂2
 due to the 

generally high ranges of pCO2 and k observed across different climate zones (Marx et al., 2017). 

Allen and Pavelsky (2018) included the headwater streams in their estimates of the surface area of 

each river basin. We calculated the surface area of the headwater streams (Strahler stream order 1 to 

3; Downing et al., 2012) based on the reported fraction of the total surface area of headwater streams 

in the global river surface area (17.4%, Marx et al., 2017). The total surface area of headwater 

streams estimated for the subcontinental rivers (4,067 km2) can make a disproportionate contribution 

to the regional 𝐹𝐶𝑂2
 due to the relatively low or high ranges of pCO2 observed in the northern rivers 

and the Deccan Traps rivers, respectively. 

More accurate estimates of k in streams and rivers under various flow conditions are another 

prerequisite to constrain 𝐹𝐶𝑂2
 estimates from the subcontinental rivers. Our regional estimates of 

riverine 𝐹𝐶𝑂2
 were based on the carefully selected three k values. The values of k1 and k2 were 

derived from two empirical equations with different datasets of flow and weather conditions 

(Lauerwald et al., 2015). Stream flow velocity, width, and depth are the major controlling factors of 

k for small streams and rivers (Raymond et al., 2012), whereas in larger rivers k may be also 

controlled by wind effects (Alin et al., 2011). The empirical equations employed by Lauerwald et al. 

(2015) are based solely on a few of these controlling factors, ignoring the potentially large influence 

of others. Further efforts are required to improve k estimates, such as field measurements of site-

specific river discharge and wind speed. 

We calculated pCO2 from water temperature, pH, and alkalinity, each of which might be subject to 

considerable uncertainties (Butman and Raymond, 2011; Raymond et al., 2013; Lauerwald et al., 

2015). The difference in pH of 0.1 units can lead to a change in the calculated values of pCO2 by 20% 

(Lauerwald et al., 2013). Across the Indian subcontinent, we calculated monthly values of pCO2, and 
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the average value of pCO2 was taken for a single site if seasonal measurements were available. We 

discarded samples with pH lower than 5.5 because the calculations of pCO2 from such low pH values 

are too uncertain, mainly because of noncarbonate contribution in the alkalinity (Hunt et al., 2011). 

Field measurements of pCO2 are necessary to reduce the uncertainty associated with pCO2 

calculation. 

Given the downriver increases in pCO2 along the large metropolitan and industrial areas of the 

Ganges basin, our estimates of pCO2 and 𝐹𝐶𝑂2
 per unit surface area might be conservative, above all 

due to the lack of tributary and lower-reach data in the Krishna and Tapti. It would also be essential 

to perform samplings across the monsoon and dry seasons for all rivers in the subcontinent in order 

to account for large seasonal differences in riverine 𝐹𝐶𝑂2
. Although both monsoon and dry seasons 

were covered in the Ganges, Indus, Narmada, and Godavari basins, more monsoonal data than dry-

season data were accounted for the other rivers. Additional field measurements in important hot 

spots, such as urban tributaries and wastewater drains, also need to be obtained across the seasons to 

reflect the effect of increasing pollution on the riverine 𝐹𝐶𝑂2
 from the Indian subcontinent (Begum et 

al., 2021). 

5. Conclusions 

The spatially resolved pCO2 data integrating literature data and new field measurements in the 

Ganges and Godavari, combined with three wide-ranging k estimates, provided significantly higher 

estimates of 𝐹𝐶𝑂2
 from the Indian subcontinental rivers than the previous estimates. The large 

differences between these estimates illustrate the substantial uncertainty associated with k and other 

factors required for calculating 𝐹𝐶𝑂2
. Neglecting localized 𝐹𝐶𝑂2

 peaks from highly polluted tributaries 

and impacted river reaches can cause further uncertainty. Field surveys in the Ganges and Godavari 

basins revealed large inputs of CO2 and labile organic matter via poorly treated wastewater from 

metropolitan areas, which would provide increasingly important sources for the 𝐹𝐶𝑂2
 from eutrophic, 

and often hypoxic, downriver reaches. The exceptionally high levels of pCO2 in the urban tributaries 

and downriver reaches of the Ganges contributed significantly to the revised estimate of 𝐹𝐶𝑂2
 from 

the basin. These localized pollution patterns are currently not captured by conservative 𝐹𝐶𝑂2
 

estimates for other understudied rivers across the region. The overall results suggest that providing 

spatially resolved data of pCO2 and k, together with considering the localized pollution effects on 

urban tributaries and receiving rivers that greatly vary with seasonal changes in discharge, can better 

constrain the estimates of 𝐹𝐶𝑂2
 from understudied river systems not only in the subcontinent but also 

worldwide. The results also illustrate the importance of considering inland water CO2 emissions from 
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the subcontinent to reduce the large uncertainty associated with the continental and global carbon 

budgets. Further research is required to elucidate the role of nutrient and oxygen availability in 

enhancing heterotrophy in urbanized rivers and concomitant riverine CO2 emissions. 
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Table 1: Summary of pCO2 and the mean areal and annual CO2 emissions (𝐹𝐶𝑂2
) estimated for the eight major rivers and all rivers of the Indian 

subcontinent. The 5th and 95th percentiles of confidence interval from Monte Carlo simulations are provided in parentheses as uncertainty ranges. 

Refer to Methods for the three gas transfer velocity (k) values selected to estimate CO2 emissions. 

Rivers Area km2 

× 103 

pCO2 (μatm) Mean areal  𝐹𝐶𝑂2
 (g CO2·m–2·d–1) Annual 𝐹𝐶𝑂2

 (Tg CO2·yr–1) 

                             k1 k2 k3 k1 k2 k3 

Indus 3.61 725  

(717–734) 

2.7  

(2.6–2.8) 

3.6 

(3.5–3.8) 

2.5  

(2.4–2.6) 

3.6  

(3.4–3.7) 

4.7  

(4.6–5.0) 

3.3  

(3.2–3.4) 

Ganges 8.06 1538  

(1511–1571) 

10.2  

(9.6–10.7) 

13.2 

(12.4–14.0) 

10.1 

(9.5–10.6) 

30.0  

(28.3–31.5) 

38.9  

(36.5–41.2) 

29.7  

(28.0–31.2) 

Brahmaputra 5.92 1059  

(1034–1085) 

9.4 

(9.1–9.8) 

12.6  

(12.2–13.1) 

8.3 

(8.0–8.6) 

20.3 

(19.7–21.2) 

27.2  

(26.4–28.3) 

17.9 

(17.3–18.6) 

Narmada 0.46 3377  

(3343–3415) 

21.3  

(21.0–21.5) 

26.9 

(26.6–27.3) 

23.3  

(22.9–23.6) 

3.61  

(3.55–3.64) 

4.6  

(4.5–4.62) 

3.94  

(3.88–3.99) 

Tapti 0.22 1886  

(1873–1899) 

12.5  

(12.3–12.6) 

16.1  

(16.0–16.3) 

12.9  

(12.8–13.0) 

1.02  

(1.00–1.03) 

1.31  

(1.3–1.33) 

1.05  

(1.04–1.06) 

Mahanadi 0.70 2036  

(2026–2045) 

12.1  

(12.0–12.2) 

16.0 

(15.9–16.1) 

13.2  

(13.1–13.3) 

3.10  

(3.07–3.12) 

4.1  

(4.0–4.12) 

3.38 

(3.35–3.40) 

Godavari 1.25 9599  

(9507–9705) 

54.8 

(54.2–55.4) 

68.0  

(67.2–68.7) 

61.0  

(60.2–61.7) 

25.0  

(24.8–25.3) 

31.1  

(30.7–31.4) 

27.9  

(27.5–28.2) 

Krishna 1.02 2045  13.7  17.6  14.1 5.1  6.53  5.23  
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(2025–2068) (13.5–13.9) (17.4–17.9) (14.0–14.4) (5.0–5.2) (6.46–6.64) (5.20–5.35) 

8 Rivers 21.2a 2783  

(2755–2815) 

17.1  

(16.8–17.4) 

21.8  

(21.4–22.2) 

18.2  

(17.9–18.5) 

91.7  

(88.8–94.6) 

118.4  

(114.5–122.6) 

92.4 

(89.4–95.2) 

Indian 

subcontinent 

23.3b     100.9  

(97.6–104.1) 

130.2  

(126.0–134.9) 

101.7 

(98.3–104.7) 

World 536 3100 

(0–100 000) 

   6600c   

World 699–832 2400 (2019–

2826) 

15.8 (12.4–

19.5) 

  2383d   

aSurface area of 8 large rivers of the subcontinent; bSurface area of all rivers and streams of the subcontinent; cTotal annual 𝐹𝐶𝑂2
 for the global 

rivers and streams (Raymond et al., 2013); dTotal annual 𝐹𝐶𝑂2
 for the global rivers and streams (Lauerwald et al., 2015); Three gas transfer 

velocity (k) values (k1–k3) used for 𝐹𝐶𝑂2
 estimates in the subcontinental rivers, provide the ranges of k value, including, for Deccan Traps rivers 

(Narmada, Tapti, Mahanadi, Godavari, and Krishna), k1: 3.53–6.90 m·d–1, k2: 4.36–8.86  m·d–1, and k3: 4.4–6.7 m·d–1; for northern rivers (Indus, 

Ganges, and Brahmaputra), k1: 3.53–7.58 m·d–1, k2: 4.36–10.2  m·d–1, and k3: 4.4–6.7 m·d–1.
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Fig. 1. Study map showing the sampling sites along the headwater, mainstem, impoundment, 

tributary, and wastewater across the eight major river basins of the Indian subcontinent. Our own 

field measurement sites on the Ganges and Godavari are indicated by void symbols, while sites 

for literature data are indicated by filled symbols. Major branches of eight rivers that constitute 

mainstems are indicated by putting their names in parentheses. 
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Fig. 2. Comparison of measured or estimated pCO2 among the mainstems, headwaters, 

tributaries, and impoundments across the Indian subcontinental river basins including the 

northern rivers (Ganges, Brahmaputra, and Indus) and rivers in the Deccan Traps (Narmada, 

Tapti, Mahanadi, Godavari, and Krishna). The tributary category of the Ganges basin includes 

wastewater drains and urban streams. The horizontal black and red lines of the box plots are the 

median and mean, respectively. Each box covers the 25th to 75th percentile, whereas the 

whiskers represent the 10th and 90th percentile. The blue dotted line represents the mean 

ambient air CO2 level (436 µatm) measured in the Ganges basin. Original data points are 

presented for the small datasets (n<10). Refer to Table 1 for data sources. 
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Fig. 3. Comparison of the literature data and field measurements of pCO2 among the mainstems 

(M), tributaries (T), impoundments (I), and wastewater drains or urban streams (W) across the 

Ganges and Godavari. While (a) and (b) show calculated literature data, (c) and (d) represent 

measured or calculated data from the field surveys of this study. The horizontal black and red 

lines of the box plots are the median and mean, respectively. The small data sets (n<10) are 

presented as original data points, not as box plots. Headwater streams were included in the 

mainstem or tributary category depending on location. 
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Fig. 4. Seasonal comparison of (a) pCO2 and (b) CO2 emissions per unit surface area in the 

mainstems, tributaries, and wastewater drains or urban streams of the Ganges basin between 

monsoon and dry seasons. Refer to Methods for the gas transfer velocity values (k1) used to 

estimate CO2 emissions. The horizontal black and red lines of the box plots are the median and 

mean, respectively. Asterisks indicate significant seasonal differences for each of the mainstems, 

tributaries, and wastewater drains or urban streams (t-test; p<0.05). Headwater streams and 

impounded sites were included in the mainstem category. 
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Fig. 5. Relationship between water quality parameters (a: temperature; b: alkalinity; c: pH; d: DO) 

and pCO2 for the mainstem reaches and tributaries of the northern rivers (Ganges, Brahmaputra, 

and Indus). The significant relationship (p<0.05) for each of headwater streams (H), mainstems 

(M), tributaries (T), and impoundments (I) is indicated by the best-fit regression line. 
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Fig. 6. Relationship between the log-transformed nutrient concentrations and pCO2 in the rivers 

of the Indian subcontinent. (a) NO3
––N concentrations in the mainstems (n=78), tributaries 

(n=176), and impoundments (n=9) where DIN (NO3
––N + NH4

+–N) concentrations in the 

Ganges River were used instead of NO3
––N concentrations; (b) PO4

3––P concentrations in the 

mainstems (n=29), tributaries (n=33), and impoundments (n=6) across the northern rivers 

(Ganges, Brahmaputra, and Indus); (c) NO3
––N concentrations in the mainstems (n=40) and 

tributaries (n=41); (d) PO4
3––P concentrations in the mainstems (n=10), tributaries (n=4) in the 

Deccan Traps (data available only for the Godavari). Only significant relationship (p<0.05) is 

indicated by a regression line through the plot. Headwater streams were included in the 

mainstem or tributary category depending on location. 
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Fig. 7. Estimates of CO2 emissions from the inland waters of the Indian subcontinent. The 

sources of literature data include Panneer Selvam et al. (2014) for L1 and Li & Bush (2015) for 

L2. Note that all estimates of CO2 emissions are provided for the same surface area estimate of 

the subcontinental inland waters (44,282 km2). Refer to Methods for the three gas transfer 

velocity values (k1–k3) used to estimate CO2 emissions in this study. 
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Introduction 

This supporting information provides detailed descriptions of the study site including three 

northern rivers (Text S1) and four Decan Traps rivers (Text S2) in the Indian subcontinent as 

along with Tables S1–S4, Figures S1–S4, and references. 
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Text S1: Northern rivers 

The northern rivers (Ganges, Brahmaputra, and Indus) originate in the Himalayas. The Ganges is 

a transboundary river that flows across the Trans-Gangetic plains in India to Bangladesh. The 

mainstem “Ganga” in India (the tributary called Bhagirathi) originates from the Gangotri glaciers 

and, after integrating major tributaries Yamuna, Gomti, Ghaghara, Gandaki, and Kosi, flows 

through Bangladesh as a distributary named the Padma. The Padma receives the Brahmaputra 

and Meghna and then empties into the Bay of Bengal through the lower Meghna estuary. The 

total length of the Ganges is 2,515 km (Parua, 2010), with a drainage area of 1.05×106 km2 

(Meybeck and Ragu, 2012) and an average annual discharge of 490 km3·yr-1 (Milliman and 

Farnsworth, 2011). The Yamuna branch originates from the Yamunotri glaciers and merges with 

the Ganga branch at Allahabad. The Hooghly distributary flows through the West Bengal state of 

India from the Farakka Barrage near Murshidabad and meets the Bay of Bengal through the 

Hooghly estuary. The Brahmaputra originates in the Tibetan Plateau, flows through China and 

India, merges with the Ganges mainstem in Aricha, Bangladesh, and empties into the Bay of 

Bengal through the lower Meghna estuary. The average annual discharge of the Brahmaputra is 

630 km3·yr–1 (Milliman and Farnsworth, 2011), and 1,270 km3·yr–1 for the lower reach of the 

Ganges-Brahmaputra system (downstream of the confluence with the Meghna; Milliman and 

Farnsworth, 2011). The Indus originates from the western Tibet and the Higher Himalayan 

region. After joining several left-bank tributaries (e.g, Zanskar and Sutlej) and right-bank 

tributaries (e.g., Shyok and Gumal), the Indus mainstem flows through Pakistan and empties into 

the Arabian Sea. The Indus traverses 3,000 km (Karim and Veizer, 2000) and has an average 

annual discharge of 48 km3·yr–1 (Milliman and Farnsworth, 2011). 

 

Text S2: Rivers originating from the Deccan Traps  

The Deccan volcanic province, referred to as the Deccan Traps, is located in central-western 

India (Fig.1). Four rivers originating from the Deccan Traps (Narmada, Tapti, Godavari, and 

Krishna) and the Mahanadi that flows through a rift connected to the Deccan Traps are here 

referred to as the Deccan Traps rivers. The Godavari is one of the largest monsoonal rivers in 

India and originates near Nasik in the Western Ghats, approximately 80 km inland from the 

western coast of India (Jha et al., 2009). It has a catchment area of 3.1×105 km2 containing 25 
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tributaries (Gupta, 2001). The river traverses 1,480 km before draining into the Bay of Bengal, 

with an average annual discharge of 70 km3·yr–1 (Prasad et al., 2013). The Godavari is dammed 

at 350 locations (Khedkar et al., 2014) to meet the demand for irrigation and domestic 

consumption, while Prasad et al. (2013) reported only five major dams. The river has four major 

tributaries: Manjara, Pranhita, Indravati, and Sabri (Jha et al., 2009). The Mahanadi originates 

near Nagari in the Indian state of Chhattisgarh, has a catchment area of 140,000 km2, and 

discharges over 50 km3·yr–1 into the Bay of Bengal (Milliman & Farnsworth, 2011; Panigrahy 

and Raymahashay, 2005). The Pairi, Seonath, Jonk, Hasdo, Mand, Ib, and Tel are all major 

tributaries (Panigrahy and Raymahashay, 2005). The Krishna has a total drainage area of 

260,000 km2 (Milliman and Farnsworth, 2011), of which 66,810 km2 (26%) lies in the Deccan 

Traps (Das et al., 2005) and discharges 37 km3·yr–1 into the Bay of Bengal (Milliman and 

Farnsworth, 2011). The Krishna merges with the Bhima at Nivrutti Sangamam. The Narmada is 

the largest west flowing river based on water discharge (38 km3·yr–1) and catchment area (98,796 

km2; Gupta et al., 2011). It originates as groundwater seepage (Narmada Kund) on the 

Amarkantak Plateau in the state of Madhya Pradesh. The Tapti originating from the Satpura 

range in the state of Madhya Pradesh (Dessert et al., 2001) has a catchment area of 65,000 km2 

and annual discharge is 9 km3·yr–1 (Milliman and Farnsworth, 2011). It converges with the Purna 

in northern Maharashtra and originates from the Satpura (Dessert et al., 2001). 

River basin area and discharge data were obtained from Milliman and Farnsworth (2011). Pre-diversion 

discharge data are provided in parentheses for the rivers where discharge has substantially decreased in 

recent years because of river diversion, reservoir construction, and irrigation. Population data were taken 

from various sources including Park et al. (2018) and CIA World Factbook 

(https://www.cia.gov/library/publications/the-world-factbook/index.html/; last accessed on 10 January 

2018). Asia total population is the population for all countries belonging to Asia and Oceania excluding 

Russia. South Asia total population for all countries belonging to South Asia (excluding Bhutan, 

Maldives, Afghanistan, and Iran) and Tibet. Listed rivers cover 90% discharge of Indian subcontinental 

rivers.
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Table S1. Geographic and demographic features of the major river basins of the Indian subcontinent. 

 

 

 

 

 

River Receiving 

sea 

Basin 

area (103
 

km2) 

Annual 

discharge 

(km3 yr–1) 

Population 

(×106) 

Population 

density  

(km–2) 

Annual 

discharge 

per capita   

(m3 yr–1) 

Northern 

rivers 

Indus Arabian Sea 980 5 (90) 220 224 23 (410) 

 Ganges Bay of 

Bengal 

980 490 411 419 1193 

 Brahmaputra Bay of 

Bengal 

670 630 209 312 3015 

Deccan 

Traps 

rivers 

Narmada Arabian Sea 99 23 (38) 39 390 596 (984) 

 Tapti Arabian Sea 65 9 25 390 355 

 Mahanadi 

 

Bay of  

Bengal 

140 

 

47 (54) 

 

55 

 

390 

 

861 (989) 

 

 Godavari Bay of  

Bengal 

310 92 (120) 121 390 761 (993) 

 Krishna Bay of  

Bengal 

260 12 (62) 101 390 118 (611) 

South 

Asia 

  4213 

 

1662 

(1859) 

1702 404 976 

(1092) 

Asia   32 518 

(32 518) 

11 000 

(13 196) 

4835 148  2275 

World   105 000 

(106 326) 

36 000 

(38 170) 

7345 70  4901 
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Table S2. Summary of sampling sites in the eight major river basins of the Indian subcontinent. 

River Sampling time Component Country Sampling 

points 

Indus 1994– 2007 Headwater India  1 

  Mainstem Pakistan 24 

  

 

Tributary 

Impoundment 
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6  

Ganges 1982–2019 Headwater India a2, b16  

  Mainstem India, Bangladesh  a19, b34 

  Tributary India, Bangladesh a6, b143 

  Wastewater India, Bangladesh a8 

  Impoundment India a3, b1 

Brahmaputra 2007– 2018 Headwater Tibet  6 

  Mainstem Tibet, India, Bangladesh 55 

  Tributary Tibet, India, Bangladesh 165 

Narmada 2001–2004 Headwater India 1 

  Mainstem  12 

  Tributary  13 

Tapti 2001 Mainstem India 4 

  Tributary  7 

Mahanadi 2005 Mainstem India 5 

  Tributary  8 

Godavari 2009–2012 Headwater India a1 

  Mainstem  a20, b9 

  Tributary  a1, b12 

  Impoundment   a10, b1 

Krishna 2001–2002 Headwater India 3 

  Mainstem  10 

  Tributary  15 

The number of sampling points in the Ganges and Godavari with field measurements indicated by ‘a’ and 

literature data indicated by ‘b’. 
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Table S3. Summary of pCO2 estimated or measured in the eight major rivers of the Indian subcontinent. The studied rivers account for 90% of 

discharge from the Indian subcontinent (Milliman and Farnsworth, 2011). 

Rivers Mean (range) of pCO2 (μatm) Data source 

Mainstem Headwater Tributary Impoundment Basin  

Indus 684 

(148–2970) 

402 

(373–430) 

761 

(172–3398) 

757 

(439–1117) 

725  

(148–3398) 

Qu et al., 2017b, GLORICHa 

Ganges 1855 

(292–13 120) 

625 

(150–1087) 

1575b 

(88–27 290) 

641 

(180–1585) 

1538 

(88–27 290) 

This study; Manaka et al., 2015; 

Samanta et al., 2015; Dutta et 

al., 2019; GLORICHa  

Brahmaputra 468 

(62–7198) 

303 

(209–513) 

1284 

(28–7348) 

 1059 

(28–7348) 

This study; Huang et al., 2011; 

Manaka et al., 2015; Qu et al., 

2017a; Qu et al., 2017b; 

GLORICHa, 

Narmada 4260 

(1580–10 129) 

4768 

 

2454 

(304–5226) 

 3377  

(304–10 129) 

Dessert et al., 2001; Gupta et 

al., 2011 

Tapti  1718 

(1115–2528) 

 1982 

(1238–4707) 

 1886  

(1115–4707) 

Dessert et al., 2001 

Mahanadi 

 

2253  

(1833–3237) 

 1901 

(1434–2727) 

 2036 

(1434–3237) 

Panigrahy and Raymahashay, 

2005 

Godavari 11 737 

(2452–22 261) 

12 177 

 

2819 

(969–9544) 

12 595 

(6798–20 796) 

9599 

(969–22 261) 

This study; Dessert et al., 2001; 

Jha et al., 2009  

Krishna 2116 

(571–4549) 

1264 

(1125–1485) 

2154 

(238–4787) 

 2045  

(238–4787) 

GLORICHa 

Total     2783 (28–27 

290) 

 

              aGLORICH:  Global River Chemistry Database (Hartmann et al., 2014). bThis category also includes wastewater drains or urban streams. 
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Table S4. Summary of the areal 𝑭𝑪𝑶𝟐
 (g CO2 m–2 day–1) from the eight major rivers of the Indian 

subcontinent. The 𝑭𝑪𝑶𝟐
 is presented as the average per unit surface area, with the range calculated from 

three gas transfer velocity values (k1‒k3). 

Rivers Mean (range) of 𝐹𝐶𝑂2
  (g CO2 m–2 day–1) 

Mainstem Headwater Tributary Impoundment Basin 

Indus 1.7 

(–2.5–20.2) 

–0.8  

 

4.1 

(–4.8–47.4) 

2.1 

(0.02–5.2) 

3.0 

(–4.8–47.4) 

Ganges 9.1 

(–1.2–100.9) 

2.5 

(–4.7–10.7) 

13.0a 

(–6.3–355.7) 

1.2 

(–2.2–7.6) 

11.2 

(–6.3–355.7) 

Brahmaputra 0.2 

(–4.7–78.4) 

–1.9 

(–4.1–1.4) 

13.9 

(–9.3–166.6) 

 10.1 

(–9.3–166.6) 

Northern 

rivers 

3.5 

(–4.7–100.9) 

1.1 

(–4.7–10.7) 

12.4 

(–9.3–355.7) 

1.7 

(–2.2–7.6) 

9.5 

(–9.3–355.7) 

Narmada 23.4 

(6–63.8) 

46.3 

 

22.5 

(–1.7–63.4) 

 23.8 

(–1.7–63.8) 

Tapti  7.8 

(3.4–13.8) 

 17.3 

(8.0–56.6) 

 13.9 

(3.4–56.6) 

Mahanadi 

 

10.7 

(7.0–17.6) 

 15.7 

(6.3–29.0) 

 13.7 

(6.3–29.0) 

Godavari 67.7 

(10.4–143.6) 

120.8 

 

25.5 

(5.2–112.6) 

85.4 

(31.3–251.6) 

61.4 

(5.2–251.6) 

Krishna 10.6 

(0.7–27.7) 

9.5 

(7.1–14.2) 

19.3 

(–2.6–59.0) 

 15.1 

(–2.6–59.0) 

Deccan Traps 

rivers 

39.2 

(0.7–143.6) 

39.1 

(7.1–159.2) 

20.7 

(–2.6–112.6) 

85.4 

(31.3–251.6) 

34.7 

(–2.6–251.6) 

Total     19.0 (–9.3–

355.7) 
        aThis also includes wastewater drains or urban streams. 
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Fig. S1. Relationships between pH and pCO2 in the mainstems and tributaries of the rivers in the 

Deccan Traps (Narmada, Tapti, Mahanadi, Godavari, and Krishna). The significant relationship 

(p<0.01) for each of the headwater streams (H), mainstems (M), tributaries (T), and 

impoundments (I) is indicated by the best-fit regression line.
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Fig. S2A. (a) Box plots showing spatial variations in riverine pCO2, NO3
––N, and PO4

3––P in the 

mainstems (M), headwaters (H), tributaries (T), and impoundments (I) across the northern rivers 

of the Indian subcontinent (Ganges, Brahmaputra, and Indus). The horizontal black and red lines 

of the box plots are the median and mean, respectively. Note that DIN (DIN: NO3
––N + NH4

+–N) 

and NO3
––N data are presented for the Ganges and the other rivers, respectively (b), where other 

two rivers present only NO3
––N data. The small-number (n<10) data are presented as original 

data points, not as box plot. 
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Fig. S2B. (b) Box plots showing spatial variations in riverine pCO2, NO3
– –N, and PO4

3––P in the 

mainstems (M), headwaters (H), tributaries (T), and impoundments (I) across the Deccan Traps 

rivers of the Indian subcontinent (Narmada, Tapti, Godavari, and Krishna). Note that DIN (DIN: 

NO3
––N + NH4

+–N) and NO3
––N data are presented for the Deccan Traps rivers (b), where the 

Krishna River presents only NO3
––N data. The horizontal black and red lines of the box plots 

indicate the median and mean value, respectively. The small-number (n<10) data are presented 

as original data points, not as box plot. 
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Fig. S3. Estimates of CO2 emissions per unit surface area from the Ganges (a) and Godavari (b). 

Three gas transfer velocity values (k1‒k3; refer to Methods) were used to estimate CO2 

emissions with literature data (L1‒L3) and new field data obtained in this study (F1‒F3). The 

horizontal black and red lines of the box plots represent the median and mean value, respectively. 
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Fig. S4. Relationships between air temperature and pCO2 along the eight major rivers of the 

Indian subcontinent.The significant relationship (p<0.001) is indicated by a solid regression line 

through the plot. 
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