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Supporting Information

Text S1: Additional River Inputs Evaluation

Along with 39,687 km3 yr−1 of riverine freshwater, net inputs of 551.9 Tg C yr−1, 35 Tg N yr−1, and 139.7 Tg Si yr−1 were

routed into the global ocean in ALLrun (Figure S1). The Arctic Ocean region (Figure S1, ARCT) received 5,138 km3 yr−1

of freshwater from rivers in Baseline, which is roughly 13% of global freshwater discharge. In ALLrun, freshwater discharge5

was supplemented with 22.6 and 56.8 Tg C yr−1 of tDOC and tDIC input, respectively (Figure S1). The regional input of tDIC

and tDOC into ARCT represented 15% and 13% of their associated global input, respectively. ARCT also received 2.5 Tg N

yr−1 as tDON (56%) and tDIN (44%) in ALLrun; tDSi input was 12.6 Tg Si yr−1 (Figure S1). Inputs were primarily from the

Ob, Yenisey, Lena, and Mackenzie Rivers (Figure S1 and Table S1). The Tropical Atlantic (Figure S1, TROP-ATL) received

36% of global freshwater discharge (14,228 km3 yr−1) and 35% of the global tDOC input from rivers (67.2 Tg C yr−1).10

Combined with tDIC , the net carbon input was 145.3 Tg C yr−1 (Figure S1). Roughly 30% of global dissolved nitrogen and

silica inputs were delivered to TROP-ATL, with inputs dominated by the Amazon River (Figure S1 and Table S1). In Baseline,

freshwater discharge into SE-ASIA was 7,841 km3 yr−1, roughly 20% of global discharge. In ALLrun, SE-ASIA received

38% of dissolved carbon input (globally 207.39 Tg C yr−1). 81% of dissolved carbon input into SE-ASIA was inorganic,

representing 42% of the global tDIC input (Figure S1). SE-ASIA also received 45% (10.6 Tg N yr−1) of the global tDIN input15

(Figure S1), with 41.5 Tg Si yr−1 (30% of global tDSi input) (Figure S1). Nutrient inputs into SE-ASIA were dominated by

high tDIC and tDIN from the Ganges and Yangtze Rivers (Figure S1 and Table S1). The Yangtze river contributed 12% of
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tDIC input, globally (Figure S1 and Table S1). Taken together, the Yangtze and Ganges Rivers delivered 20% of the global

tDIN input (Figure S1 and Table S1).
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Figure S1. Riverine freshwater discharge and biogeochemical inputs resulting from the association of Global NEWS 2 and JRA55-do on

the LLC90 grid. Domain-scale freshwater discharge and load are relative to the respective domain area. The insets show corresponding

year-2000 discharge/load for various regions. The size of the circles represents the magnitude of loads. Colored boundary lines correspond to

domains used for regional analysis of the Arctic Ocean (ARCT, violet line), the Tropical Atlantic (TROP-ATL, red line), and Southeast Asia

(SE-ASIA, green line). The black line delineates the coastal ocean from the open ocean, which is set by the furthest point from the coastline

of either a 300-km distance or the 1000-m isobath. Only rivers with annual discharge over 10 km3 yr−1 are shown.
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Table S1. Freshwater discharge and inputs for single-river experiments.

Freshwater

Discharge tDIC tDOC tDIN tDON tDSi

River (km3 yr−1) (Tg C yr−1) (Tg C yr−1) (Tg N yr−1) (Tg N yr−1) (Tg Si yr−1)

Amazon 6834.6 32.2 30.7 1 1.9 20.7

Nile 68 1.1 0.3 0.1 0.02 0.2

Congo 1116.2 0.8 5.4 0.2 0.3 2.1

Mississippi 622.5 9.5 3 0.7 0.2 1.5

Ob 453.5 6.75 2.6 0.1 0.15 1.3

Paraná 942.1 9.8 3.8 0.7 0.3 1.1

Yenisey 652.3 6.8 3 0.1 0.2 1

Lena 554.8 8.2 2.4 0.1 0.2 1

Niger 211.2 >0.01 0.9 0.1 0.1 0.9

Yangtze 990.9 45.9 4.2 2.1 0.4 1.4

Amur 384.4 0.01 1.85 0.2 0.1 1.2

Mackenzie 301.4 4 1.8 0.03 0.1 0.7

Ganges 976.4 18.01 5 2.2 0.3 2.8

Zambezi 103.65 >0.01 0.5 0.02 0.03 0.6

Indus 76.3 0.35 0.4 0.1 0.04 0.02

Table S2. Arctic rivers inputs in the present study and from the ArcticGRO monitoring network (Holmes et al., 2012; Tank et al., 2023).

tALK tDOC tDIN tDSi

(Tg C yr−1) (Tg C yr−1) (Tg N yr−1) (Tg Si yr−1)

This study ArcticGRO This study ArcticGRO This study ArcticGRO This study ArcticGRO

Ob 6.6 4.1 2.6 4.9 0.1 0.1 1.3 1.9

Yenisey 6.7 5 3 5 0.1 0.05 1 2.1

Mackenzie 3.9 3.7 1.8 1.6 0.03 0.02 0.7 0.5

Lena 8 6.5 2.4 9.8 0.1 0.08 1 2.5

Kolyma 0.07 0.4 0.6 1.1 0.01 0.01 0.2 0.3

Yukon 0.9 2.6 0.4 2.3 0.01 0.03 0.3 0.8
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Figure S2. Regional comparisons of observed and simulated tDIN and tDON in Global NEWS 2 (Mayorga et al., 2010). The normalized root-

mean-square error corresponds to the root-mean-square error divided by the range between the maximal and minimal values in observations.

Text S2: Additional Sensitivity Experiments20

We ran additional sensitivity experiments using all riverine inputs (Table S3, ALLrun) for each of the top-15 global rivers (i.e.,

isolating the impact of individual rivers) in terms of watersheds extent (Mayorga et al., 2010). Input-driven CO2 outgassing

was dominated by the input of tDOC in ARCT, with 50% of the associated CO2 outgassing due to the Ob, Yenisey, Lena,

and Mackenzie Rivers (Table S3). The Amazon River drove 70% of input-driven CO2 outgassing in TROP-ATL (Table S3).

Notably, the Amazon River was responsible for 65% of the NPP increase, driven by inputs in this region (Table S3). The25

Ganges River (58%), combined with the Indus and Yangtze Rivers, are responsible for 77% of CO2 uptake in SE-ASIA (Table

S3). Nitrogen and silica inputs from the Ganges and Yangtze rivers drive roughly 40% of the NPP increase in SE-ASIA (Table

S3). The top 15 rivers drove a CO2 ocean outgassing of 9.5 Tg C yr−1 and contributed up to 31% of the global ocean outgassing

driven by world rivers (Table S3). In addition, the top 15 rivers were responsible for 50% of the increase of NPP driven by

global inputs (302.4 Tg C yr−1, Table S3).30
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Table S3. Contribution of the global top 15 rivers to changes in air-sea CO2 flux and NPP. Positive values represent CO2 outgassing driven

by the corresponding river; negative values are uptake. The respective river contribution is estimated from the difference between Baseline

and a modified ALLrun, where only the corresponding river was included. The top 15 rivers were selected based on watershed area.

∆ CO2 Flux ∆ NPP

Rank River (Tg C yr−1) (Tg C yr−1)

1 Amazon +14.3 +113.6

2 Nile +0.3 -0.1

3 Congo +1.3 +12.4

4 Mississippi -1.3 +26.4

5 Ob +2 +2.2

6 Paraná +0.5 +13.5

7 Yenisey +2.6 +1.5

8 Lena +2.8 +1.1

9 Niger -0.1 +3

10 Yangtze -3 +57.3

11 Amur +0.7 +1.7

12 Mackenzie +1.7 +0.6

13 Ganges -11.7 +64.5

14 Zambezi +0.1 +1

15 Indus -0.7 +3.7

Total +9.5 +302.4

Text S3: Suggested Additional Land-to-Ocean Model Improvements

In this section, we elaborate on additional necessary model improvements to better quantify the role of inputs on air-sea CO2

fluxes and ocean biogeochemistry.

We note that we only considered surface-ocean freshwater discharge, which represents roughly 39,000 km3 yr−1 delivered

to the ocean. However, a significant fraction of freshwater discharge to the ocean (10%) originates from groundwater discharge35

(Taniguchi et al., 2002). While the net impact on the open-ocean carbon cycle is small, this discharge volume and associated

biogeochemical elements can substantially impact the coastal ocean through eutrophication (Luijendijk et al., 2020). Ground-

water discharge inputs the equivalent of 23%, 7.5%, and 8% of riverine DIC, DIN, and DSi, respectively (Luijendijk et al.,

2020). In addition to groundwater discharge, subglacial discharge from marine-terminating glaciers, particularly in Greenland

and the West Antarctic Peninsula, would need to be fluxed at subsurface depths and take subglacial plume entrainment into40

account (Carroll et al., 2016; Slater and Straneo, 2022). In addition to the physical impact of freshwater inputs on the ocean,
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subglacial upwelling of nutrients (Hopwood et al., 2018) and meltwater from ice sheets and icebergs (Hopwood et al., 2020) is

a significant source of reactive iron that can support coastal high-latitude marine ecosystems (Hawkings et al., 2014; Hopwood

et al., 2020). While their present contribution to global-ocean carbon cycling remains unknown, groundwater and subglacial

discharge are expected to be altered by climate change (changes in storm and cyclone frequency and intensity, rising land and45

ocean temperatures, increased cryosphere melt, changes in ocean chemistry and coastal erosion) and human activities such as

groundwater extraction (Richardson et al., 2024).

Moreover, heat from river discharge is omitted in our simulations. In the Arctic Ocean, where sea-ice cover is negatively

correlated with heat from river discharge, the addition of point-source freshwater discharge should be supplemented with

realistic water temperature to accurately represent sea-ice dynamics in response to riverine heat fluxes (Manak and Mysak,50

1989; Whitefield et al., 2015; Park et al., 2020; Dong et al., 2022). Additionally, chromophoric dissolved organic matter

(CDOM) absorbs heat and thus can increase thermal stratification near the surface ocean (Morris et al., 1995; Laurion et al.,

1997; Caplanne and Laurion, 2008). In the Chukchi Sea, Hill (2008) associated the 40%-increase of energy absorption by the

mixed layer in spring to the presence of ice algae. The heat absorption by dissolved organic matter may cause an amplification

of Arctic Ocean warming if the delivered amount of terrestrial material and DOC increases in the future.55

Finally, we scale the annual carbon or nutrient concentration from Global NEWS 2 with daily freshwater fluxes from JRA55-

do to obtain time-varying, point-source inputs. Consequently, the seasonal cycle of biogeochemical fluxes tracks the seasonality

of freshwater discharge in JRA55-do — which is a simplified first-order approximation. First, we acknowledge that the JRA55-

do seasonal cycle of freshwater discharge can be inaccurate in specific regions (e.g., Arctic regions), and we also assume a direct

relationship between carbon/nutrient concentrations and freshwater discharge (Suzuki et al., 2018; Tsujino et al., 2018; Feng60

et al., 2021). Second, we compute carbon/nutrient concentrations based on annual inputs from Global NEWS 2 and assume

these values are constant throughout the year. Global observations have shown that the relationship between carbon/nutrient

fluxes and freshwater discharge is not always valid, with concentrations changing on a sub-annual basis (Jordan et al., 1991;

Le Fouest et al., 2013; Holmes et al., 2012; Bittar et al., 2016; Shogren et al., 2021; Kamjunke et al., 2021). Processes such

as changes in land use, human inputs, sewage leaks, enhanced permafrost thaw, decomposition, or changes in basin hydrology65

can seasonally alter the concentration of biogeochemical substances without inducing changes in freshwater discharge —

to account for these deficiencies, a land-surface model accounting for such processes, the Bayesian CARbon DAta–MOdel

fraMework (CARDAMOM) (Bloom et al., 2020), is currently being coupled with ECCO-Darwin.
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Figure S3. Globally integrated air-sea CO2 flux time series relative to ECCO-Darwin Baseline. Air-sea CO2 fluxes are annual means from

January 1992 to December 2019. Positive values represent CO2 outgassing; negative values represent uptake.
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from January 1992 to December 2019.
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Figure S5. Climatological global-ocean air-sea CO2 flux for (a) ECCO-Darwin Baseline and (b) Yasunaka data-based product (Yasunaka

et al., 2023). Panel (c) corresponds to the difference between ECCO-Darwin Baseline and Yasunaka data-based product. Positive values

represent CO2 outgassing (red colors); negative values represent uptake (blue colors). All fields shown are time means from January 1997

to December 2014. Colored boundary lines correspond to the domain used for regional analysis of the Arctic Ocean (ARCT, violet line).

The Yasunaka data-based product was interpolated on the LLC90 grid. Net air-sea CO2 flux are integrated for the entire domain (Latitude >

60.5◦).
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