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Abstract. Riverine transport of nutrients and carbon from in-
land waters to the coastal and finally the open ocean alters
marine primary production (PP) and carbon (C) uptake re-
gionally and globally. So far, this process has not been fully
represented and evaluated in the state-of-the-art Earth sys-
tem models. Here we assess changes in marine PP and C up-
take projected under the Representative Concentration Path-
way 4.5 climate scenario using the Norwegian Earth sys-
tem model, with four riverine transport configurations for
nutrients (nitrogen, phosphorus, silicon, and iron), carbon,
and total alkalinity: deactivated, fixed at a recent-past level,
coupled to simulated freshwater runoff, and following four
plausible future scenarios. The inclusion of riverine nutrients
and carbon at the 1970 level improves the simulated con-
temporary spatial distribution of annual mean PP and air–sea
CO2 fluxes relative to observations, especially on the con-
tinental margins (5.4 % reduction in root mean square error
(RMSE) for PP) and in the North Atlantic region (7.4 % re-
duction in RMSE for C uptake). While the riverine nutrients
and C input is kept constant, its impact on projected PP and
C uptake is expressed differently in the future period from
the historical period. Riverine nutrient inputs lessen nutri-
ent limitation under future warmer conditions as stratifica-
tion increases and thus lessen the projected decline in PP by
up to 0.66± 0.02 PgCyr−1 (29.5 %) globally, when compar-
ing the 1950–1999 with the 2050–2099 period. The river-
ine impact on projected C uptake depends on the balance
between the net effect of riverine-nutrient-induced C uptake

and riverine-C-induced CO2 outgassing. In the two idealized
riverine configurations the riverine inputs result in a weak
net C sink of 0.03–0.04± 0.01 PgCyr−1, while in the more
plausible riverine configurations the riverine inputs cause a
net C source of 0.11± 0.03 PgCyr−1. It implies that the ef-
fect of increased riverine C may be larger than the effect of
nutrient inputs in the future on the projections of ocean C
uptake, while in the historical period increased nutrient in-
puts are considered the largest driver. The results are sub-
ject to model limitations related to resolution and process
representations that potentially cause underestimation of im-
pacts. High-resolution global or regional models with an ad-
equate representation of physical and biogeochemical shelf
processes should be used to assess the impact of future river-
ine scenarios more accurately.

1 Introduction

At global scale, the major sources of both dissolved and
particulate materials to the oceans are river runoff, atmo-
spheric deposition, and hydrothermal inputs; of these three,
river runoff plays an essential role in transporting nutrients
into the ocean which stimulate biological primary produc-
tion (PP) in the ocean (Meybeck, 1982; Smith et al., 2003;
Chester, 2012). For some substances riverine transport even
acts as the absolutely dominant source, such as total phos-
phorus (∼ 90 %) and total silicon (> 70 %) (Chester, 2012).
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River transport of carbon into the ocean influences the air–
sea CO2 exchange, local oxygen balance, and acidification
level, thus further affecting marine ecosystem health (Mey-
beck and Vörösmarty, 1999; Liu et al., 2021). Despite our
limited understanding on the riverine carbon fluxes, they
could play an important role in closing the global carbon bud-
get (Friedlingstein et al., 2022). A recent study on the global
carbon cycle has emphasized the importance of the carbon
transport through the land-to-ocean aquatic continuum (Reg-
nier et al., 2022).

With an increasing world population and a perturbed hy-
drological cycle under climate change, riverine transport of
nutrients and carbon from land to oceans has a potentially
growing impact on the marine biogeochemistry and ecosys-
tem (Seitzinger et al., 2010; van der Struijk and Kroeze,
2010). Furthermore, the impacts of anthropogenic activity,
particularly agriculture (Bouwman et al., 2009; Garnier et
al., 2021), wastewater discharges (Van Drecht et al., 2009),
and extensive damming (Eiriksdottir et al., 2017; Zhang et
al., 2022), have greatly perturbed the riverine transport of ni-
trogen (N), phosphorus (P), and silicon (Si) to the oceans.
Seitzinger et al. (2010) estimated that there was an in-
crease in global riverine fluxes of dissolved inorganic nitro-
gen (DIN) and phosphorus (DIP) by 35 % and 29 %, respec-
tively, between 1970 and 2000, as well as a further possible
change of −2 % to +29 % in DIN and +37 % to +57 % in
DIP between 2000 and 2050, depending on the future sce-
narios used in their study. Beusen et al. (2016) estimated
that river nutrient transport to the ocean increased from 19 to
37 TgNyr−1 and from 2 to 4 TgPyr−1 over the 20th century,
taking into account both increased nutrient input to rivers and
intensified retention/removal of nutrients in freshwater sys-
tems. The riverine carbon input is highly influenced by the
magnitude of continental runoff (Liu et al., 2020; Frigstad et
al., 2020), permafrost melting, and leaching of post-glacial
peat deposits (Wild et al., 2019; Pokrovsky et al., 2020; Mann
et al., 2022), all of which are sensitive to climate change. In
addition, anthropogenic change, such as land-use and land-
cover changes, lake and reservoir eutrophication, and sewage
emissions of organic material into rivers, may become an im-
portant factor in the future (Meybeck and Vörösmarty, 1999).

Some regions such as the Arctic Ocean and large river es-
tuaries may receive a higher impact from changes in river-
ine inputs than other regions. The Arctic Ocean accounts for
only 4 % of the global ocean area (Jakobsson, 2002) but takes
11 % of the global river discharge (McClelland et al., 2012),
and it is estimated that about one-third of its net PP is sus-
tained by nutrients originating from rivers and coastal ero-
sion (Terhaar et al., 2021). Therefore, one can expect that
Arctic PP will be affected by altered riverine transport of
nutrients and carbon under future climate changes. Previ-
ous studies have shown that enhanced riverine nutrient input
increases PP in the Arctic Ocean (Letscher et al., 2013; Le
Fouest et al., 2013, 2015, 2018; Terhaar et al., 2019), while
large riverine dissolved organic carbon (DOC) delivery re-

duces CO2 uptake in Siberian shelf seas (Anderson et al.,
2009; Manizza et al., 2011). Considering large river estuar-
ies, van der Struijk and Kroeze (2010) have demonstrated po-
tentially higher eutrophication or hypoxia risk in the coastal
waters of South America by 2050, where increasing trends
in DIN and DIP are detected. Yan et al. (2010) have reported
that anthropogenically enhanced N inputs will continue to
dominate river DIN yields in the future and impose a chal-
lenge of N eutrophication in the Changjiang river basin.

The latest generation of Earth system models (ESMs) have
implemented some forms of riverine inputs in their ocean
biogeochemistry modules (Séférian et al., 2020). The mod-
els that include riverine inputs use different implementations,
from constant contemporary fluxes (e.g., IPSL-SM6A-LR
and NorESM2; Aumont et al., 2015; Tjiputra et al., 2020),
to temporally varying fluxes (CESM2; Danabasoglu et al.,
2020), and to interactive with terrestrial nutrient leaching
transported by dynamical river routing (e.g., CNRM-ESM2-
1 and MIROC-ES2L; Séférian et al., 2019; Hajima et al.,
2020), and they typically use the Redfield ratio to convert
from one chemical compound to the others. For instance,
in the latest version of the IPSL model (IPSL-SM6A-LR;
Aumont et al., 2015) riverine nutrients (DIN, DIP, Si), dis-
solved organic nitrogen (DON), dissolved organic phospho-
rus (DOP), dissolved inorganic carbon (DIC), and total alka-
linity (TA) are implemented as constant contemporary fluxes
based on datasets from Global NEWS 2 (NEWS 2; Mayorga
et al., 2010) and the Global Erosion Model of Ludwig et al.
(1996). Further, in the CESM2 (Danabasoglu et al., 2020)
DIN and DIP are taken from the Integrated Model to Assess
the Global Environment–Global Nutrient Model (IMAGE-
GNM; Beusen et al., 2015, 2016) and vary from 1900 to
2005, which is more sophisticated than using constant fluxes.
The other riverine nutrients, DIC, and TA are held constant
using data from NEWS 2 (Mayorga et al., 2010). Some ESMs
have implemented interactive riverine nutrient input from ter-
restrial processes; e.g., in the CNRM-ESM2-1 the riverine
DOC is calculated actively from litter and soil carbon leach-
ing in the land model, and the supply of the other nutrients,
DIC, and TA has been parameterized using the global av-
erage ratios to DOC from Mayorga et al. (2010) and Lud-
wig et al. (1996). In the MIROC-ES2L model (Hajima et al.,
2020), the N cycle is coupled between the ocean and land
ecosystems; therefore, the inorganic N leached from the soil
is transported by rivers and subsequently as an input to the
ocean ecosystem. The riverine P is calculated from N us-
ing the Redfield ratio, but riverine carbon input is not im-
plemented. Existing models with interactive riverine inputs
typically do not consider biogeochemical processes in the
freshwater system such as sedimentation.

A few modeling studies have assessed the impact of river-
ine nutrients and carbon on marine biogeochemistry. For ex-
ample, Bernard et al. (2011) and Aumont et al. (2001) eval-
uated the riverine impact on marine Si and carbon cycle, re-
spectively. Lacroix et al. (2020) estimated and implemented
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preindustrial riverine loads of nutrients and carbon in a global
ocean biogeochemistry model, and they concluded that the
riverine (mainly inorganic and organic) carbon inputs lead to
a net global oceanic CO2 outgassing of 231 TgCyr−1 and an
opposing response of an uptake of 80 TgCyr−1 due to river-
ine nutrient inputs. Additionally, the riverine inputs at prein-
dustrial levels lead to a strong PP increase in some regions,
e.g.,+377 %,+166 %, and+71 % in Bay of Bengal, tropical
west Atlantic, and the East China Sea, respectively (Lacroix
et al., 2020). Tivig et al. (2021), on the other hand, found that
riverine N supply alone has a limited impact on global ma-
rine PP (<+2 %) due to the negative feedback of reduced N2
fixation and increased denitrification. This negative feedback
could also overcompensate the N addition by river supply lo-
cally, e.g., in Bay of Bengal where PP decreased due to river-
ine N input (Tivig et al., 2021). A couple of modeling studies
have also assessed the impact of changing riverine inputs on
marine PP and CO2 fluxes. Cotrim da Cunha et al. (2007)
assessed riverine impact using a coarse-resolution ocean bio-
geochemistry model, with single or combined nutrients from
zero input to a high input corresponding to a world popula-
tion of 12 billion people and reported changes in PP from
−5 % to +5 % for the open ocean and from −16 % to +5 %
for the coastal ocean compared to the present-day simulation.
Liu et al. (2021) demonstrated an increase in global coastal
net PP of +4.6 % in response to a half-century (1961–2010)
increase in river N loads. In a recent study by Lacroix et al.
(2021b) the impact of changing riverine N and P in a histor-
ical period (1905–2010) on marine net PP and air–sea CO2
fluxes was investigated by applying an eddy-permitting fine-
resolution (∼ 0.4◦) ocean biogeochemistry model. Their re-
sult revealed an enhancement of 2.15 PgCyr−1 of the global
marine PP, corresponding to a relative increase of +5 % over
the studied period, induced by increased terrigenous nutri-
ent inputs. The PP increase in the coastal ocean averaged to
14 % with regional increases exceeding 100 %, and the global
coastal ocean CO2 uptake increased by 0.02 PgCyr−1 due to
the increased riverine nutrient inputs (Lacroix et al., 2021b).
In the Arctic, doubling riverine nutrient delivery increased
PP by 11 % on average and by up to 35 % locally, while
the riverine DOC input-induced CO2 outgassing resulted in
a 25 % reduction in C uptake in the Arctic Ocean (Terhaar et
al., 2019).

Although the historical and contemporary impacts of
riverine nutrients and carbon have been considered in-
creasingly, their impacts on future projections of marine
biogeochemistry have not been sufficiently addressed.
Taking advantage of the latest improvement in global
river nutrient and carbon export datasets, e.g., NEWS
2 (https://marine.rutgers.edu/globalnews/datasets.htm,
last access: 5 January 2023) and GLORICH
(https://doi.org/10.1594/PANGAEA.902360), and re-
sponding to the demand of development of ESMs with
increasing model resolution, the assessment of the impact

of riverine nutrients and carbon on projections of marine
biogeochemistry becomes feasible and desirable.

In this study, we aim to assess the impact of riverine nu-
trients and carbon on the projected changes in regional and
global marine PP and air–sea CO2 exchange by addressing
the following questions.

1. How does the presence of riverine fluxes of nutrients
and carbon affect the contemporary representation of
marine PP and C uptake in our model?

2. How does the presence of riverine fluxes of nutrients
and carbon affect the projections of marine PP and C
uptake?

3. How important is the consideration of transient changes
in riverine fluxes of nutrients and carbon on the projec-
tions?

We explore these questions by performing a series of
transient historical and 21st century climate simulations un-
der the Representative Concentration Pathway (RCP) 4.5
(middle-of-the-road) scenario with the fully coupled Nor-
wegian Earth system model (NorESM) under four different
riverine input configurations. Another objective of the study
is to explore the best practical way of implementing riverine
inputs into future versions of NorESM. Because of the coarse
resolution of the version used here, a series of processes in
the coastal zone cannot be represented in our study such as
the high accumulation of organic sediment in shallow waters
and respective remineralization rates of previously deposited
material (Arndt et al., 2013; Regnier et al., 2013). These pro-
cesses can only be presented in models of much higher spa-
tial resolution, which are at present too costly to be integrated
long enough to simulate the large-scale water masses ade-
quately and project long-term-scale climatic change. Given
missing contributions from unresolved processes, our results
are to be interpreted as lower bound estimates.

2 Methods

2.1 Model description

All simulations in this study have been performed with the
Norwegian Earth system model version 1 (NorESM1-ME,
hereafter NorESM) (Bentsen et al., 2013), a climate model
that provided input to the Fifth Coupled Model Intercompari-
son Project (CMIP5) (Taylor et al., 2011). The model is based
on the Community Earth System Model version 1 (CESM1)
(Hurrell et al., 2013). The atmospheric, land, and sea ice
components are the Community Atmosphere Model (CAM4)
(Neale et al., 2013), the Community Land Model (CLM4)
(Oleson et al., 2010; Lawrence et al., 2011), and the Los
Alamos National Laboratory sea ice model (CICE4) (Hol-
land et al., 2011), respectively. An interactive aerosol–cloud–
chemistry module has been added to the atmospheric com-
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ponent (Kirkevåg et al., 2013). The physical ocean compo-
nent – the Bergen Layered Ocean Model (BLOM, formerly
called NorESM-O) (Bentsen et al., 2013) – is an updated ver-
sion of the Miami Isopycnic Coordinate Ocean Model (MI-
COM) (Bleck and Smith, 1990; Bleck et al., 1992) and fea-
tures a stack of 51 isopycnic layers (potential densities rang-
ing from 1028.2 to 1037.8 kgm−3 referenced to 2000 dbar)
with a two-layer bulk mixed layer on top. The depth of the
bulk mixed layer varies in time, and the thickness of the top-
most layer is limited to 10 m in order to allow for a faster
air–sea flux exchange. The ocean and sea ice components are
implemented on a dipolar curvilinear horizontal grid with a
1◦ nominal resolution that is enhanced at the Equator and
towards the poles, and its northern grid pole singularity is ro-
tated over Greenland. The atmosphere and land components
are configured on a regular 1.9◦× 2.5◦ horizontal grid.

The ocean biogeochemistry component of NorESM is
based on the Hamburg Ocean Carbon Cycle Model ver-
sion 5 (HAMOCC5) (Maier-Reimer et al., 2005). The com-
ponent has been tightly coupled to NorESM-O such that
both components share the same horizontal grid and verti-
cal layers and that all tracers are transported by the physical
component at the model time step (Assmann et al., 2010).
Tuning choices and further improvements to the biogeo-
chemistry component are detailed in Tjiputra et al. (2013).
Here we only summarize features of particular importance to
this study and refer to the HAMOCC version used here as
HAMOCCNorESM1. The partial pressure of CO2 (pCO2) in
seawater is calculated as a function of surface temperature,
salinity, pressure, dissolved inorganic carbon (DIC), and to-
tal alkalinity (TA). Dissolved iron is released to the surface
ocean with a constant fraction (3.5 %) of the climatologi-
cal monthly aerial dust deposition (Mahowald et al., 2005),
but only 1 % of this is assumed to be bio-available. Nitro-
gen fixation by cyanobacteria occurs when nitrate in the sur-
face water is depleted relative to phosphate according to the
Redfield ratio (Redfield and Daniel, 1934). Phytoplankton
growth in the model depends on temperature, availability of
light, and on the most limiting nutrient among phosphate, ni-
trate, and iron. Constant stoichiometric ratios for the biologi-
cal fixation of C, N, P, and1O2 (122 : 16 : 1 : −172) are pre-
scribed in HAMOCCNorESM1 and are extended by fixed Si :
P (25 : 1) and Fe : P (3.66× 10−4

: 1) stoichiometric ratios.
HAMOCCNorESM1 prognostically simulates export produc-
tion of particulate organic carbon (POC). It is assumed that
a fraction of POC production is associated with diatom silica
production, and the remaining fraction is associated with cal-
cium carbonate production by coccolithophorids. The frac-
tion of diatom-associated production is calculated from sil-
icate availability, effectively assuming that diatoms are able
to out-compete other phytoplankton growth under favorable
(high surface silicate concentration) growth conditions. Par-
ticles, including POC, biogenic silica, calcium carbonate,
and dust, are advected by ocean circulation in the model.
Those particles sink through the water column with con-

stant sinking speeds and are remineralized at constant rates.
HAMOCCNorESM1 includes an interactive sediment module
with 12 biogeochemically active vertical layers. The perma-
nent burial of particles from deepest sediment layer repre-
sents a net loss of POC, calcium carbonate, and silica from
the ocean–sediment system and is compensated for by atmo-
spheric and riverine inputs on a timescale of several thousand
model years. More detailed model description and parame-
ters are documented in previous publications (Bentsen et al.,
2013; Tjiputra et al., 2013).

2.2 Model evaluation

The overall performance of the physical and biogeochemical
ocean components has been evaluated elsewhere (Bentsen et
al., 2013; Tjiputra et al., 2013). For example, simulated alka-
linity, phosphate, nitrate, and silicic acid have been evaluated
in previous works (Tjiputra et al., 2013, 2020). Here we only
briefly review the model performance of the mostly relevant
variables for this study, namely PP and air–sea CO2 fluxes.

The simulated global annual mean PP is 40.1 PgCyr−1

during 2003–2012, which is lower than the satellite-based
model estimates, ranging from 55 to 61 PgCyr−1 (Behren-
feld and Falkowski, 1997; Westberry et al., 2008). How-
ever, the distribution of annual mean surface PP is gen-
erally consistent with the remote-sensing-based estimates
from Behrenfeld and Falkowski (1997), with the largest
model–data deviation in the eastern equatorial Pacific and
parts of the Southern Ocean (known as high-nutrient–low-
chlorophyll regions), where the model overestimates PP (the
Arctic Ocean was not assessed in that study; Tjiputra et al.,
2013). Along the continental margins, the simulated PP is
generally underestimated compared to the remote-sensing-
based estimates (Tjiputra et al., 2013), which may relate to
the lack of riverine inputs and/or unresolved shelf processes
due to coarse model resolution. Additionally, our model sim-
ulates a comparable magnitude of projected decrease in PP
by the end of the 21th century compared to the historical
period with other global models (see detailed discussion in
Sect. 4.1).

In the Arctic Ocean, the simulated PP in our model is
biased towards lower values. In the study by Skogen et al.
(2018), the NorESM model is compared with a regional
model that comprises part of the Arctic region, and it shows
that the NorESM simulates a bloom period that is later and
shorter than that in the regional model; hence the annual inte-
grated PP is too low. In a multi-model study (Lee et al., 2016)
that assesses the relative skills of 21 regional and global bio-
geochemical models in reproducing the observed contempo-
rary Arctic PP, the NorESM is shown to have a negative bias
of −0.49 but is well within the multi-model mean bias of
−0.31± 0.39. Many coarse-/intermediate-resolution global
models also show considerably lower net PP in the Arctic
(Terhaar et al., 2019). Such common shortcomings in global-
scale marine biogeochemical models can partly be attributed
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to the simplified ecosystem parameterization which is not re-
gionally adapted and which can be improved through data
assimilation (Tjiputra et al., 2007; Gharamti et al., 2017).
Additionally, the lack of adequate representation of riverine
input in some ESMs can also lead to underestimates of PP,
since around one-third of current Arctic marine PP is sus-
tained by terrigenous nutrient input (Terhaar el al., 2021).
Despite the biased-low PP under the contemporary climate,
the projected absolute change of 70 TgCyr−1 by the end of
the 21th century is well within the range estimated from other
ESMs (Vancoppenolle et al., 2013).

Tjiputra et al. (2013) also evaluated the simulated mean
annual air–sea CO2 fluxes for the 1996–2005 period against
observation-based estimates by Takahashi et al. (2009) and
concluded that the model broadly agrees with the observa-
tions in term of spatial variation, although in the equato-
rial Indian Ocean and in the polar Southern Ocean (south
of 60◦ S) the model underestimates outgassing and overesti-
mates C uptake, respectively.

2.3 Riverine data

The influx of carbon and nutrients from over 6000
rivers to the coastal oceans has been implemented in
HAMOCCNorESM1 based on previous work of Bernard et al.
(2011) but with modifications that are outlined in the follow-
ing paragraphs.

The riverine influx includes carbon, nitrogen, and phos-
phorus, each in dissolved inorganic, dissolved organic, and
particulate forms, as well as TA, dissolved silicon, and iron
(Fe). Except for DIC, TA, and Fe, all data are provided by
the NEWS 2 model (Mayorga et al., 2010), which is a hy-
brid of empirical, statistical, and mechanistic model compo-
nents that simulate steady-state annual riverine fluxes as a
function of natural processes and anthropogenic influences.
The NEWS 2 data product contains historical (years 1970
and 2000) and future (years 2030 and 2050) estimates of
riverine fluxes of carbon and nutrients. The future products
are developed based on four Millennium Ecosystem Assess-
ment scenarios (Alcamo et al., 2006): Global Orchestration
(GNg), Order from Strength (GNo), Technogarden (GNt),
and Adapting Mosaic (GNa). These scenarios represent dif-
ferent focuses of future society on, e.g., globalization or re-
gionalization, reactive or proactive environmental manage-
ment and their respective influences on the efficiency of nu-
trient use in agriculture, nutrient release from sewage, and
total crop and livestock production along with others (see
Table 1 for a brief summary; Seitzinger et al., 2010). The
NEWS 2 riverine dataset has been calibrated and assessed
against measured yields (Mayorga et al., 2010) and has been
widely used and evaluated for different river estuaries (van
der Struijk and Kroeze, 2010; Terhaar et al., 2019; Tivig et
al., 2021). For example, van der Struijk and Kroeze (2010)
compared the NEWS 2 nutrient yields to observed values for
South American rivers and indicated that the NEWS 2 mod-

els in general perform reasonably well for South American
rivers with the variations in yields among rivers described
well, although the model performs better for some rivers such
as the Amazon than for others. We have compared DIN and
dissolved organic nitrogen (DON) from NEWS 2 with mea-
sured data from PARTNERS Project (Holmes et al., 2012)
for the six largest Arctic rivers around the year 2000 (Ta-
ble C1). The NEWS 2 dataset compares fairly well with
the measured data, especially for the Eurasian Arctic rivers
with 3.5 %–28.6 % deviation in DIN and 7.3 %–34.8 % in
DON, while the discrepancy is larger in the Canadian–Alaska
Arctic rivers (i.e., Yukon and Mackenzie rivers) with up to
80.8 % and 100 % deviation in DIN and DON, respectively.

The DIC and TA fluxes, provided by Hartmann (2009),
are produced from a high-resolution model for global CO2
consumption by chemical weathering and are aggregated
within catchment basins defined by the NEWS 2 study for
each river. The riverine Fe flux is calculated as a propor-
tion of a global total input of 1.45 Tgyr−1 (Chester, 1990),
weighted by the water runoff of each river. Only 1 % of the
riverine Fe is added to the oceanic dissolved Fe, under the
assumption that up to 99 % of the gross fluvial dissolved
Fe is removed during estuarine mixing (Boyle et al., 1977;
Figuères et al., 1978; Sholkovitz and Copland, 1981; Shiller
and Boyle, 1991).

At the river mouths, all fluxes are interpolated to the ocean
grid in the same way as the freshwater runoff, which is dis-
tributed as a function of river mouth distance with an e-
folding length scale of 1000 km and cutoff of 300 km.

In HAMOCCNorESM1, there is one dissolved organic pool
(DOM) and one particulate organic pool (DET, detritus).
First, we calculate the riverine organic P : N : C ratios for
both dissolved and particulate forms and then add the least
abundant species (scaled by the Redfield ratio) to the DOM
and DET pools, respectively (see equations below).

DOMriv =min
(

DOP,
DON

16
,

DOC
122

)
(1)

DETriv =min
(

POP,
PON
16

,
POC
122

)
(2)

POP and PON denote particulate organic phosphorus and
particulate organic nitrogen, respectively. The excess budget
from the remaining two species both in dissolved and in par-
ticulate forms is assumed to be directly remineralized into
the inorganic form and added to the corresponding dissolved
inorganic pools (i.e., DIP, DIN, and DIC) in the ocean.

2.4 Experimental design

The fully coupled NorESM model is spun up for 900 years
with external forcings fixed at preindustrial, year 1850 levels
prior to our experiments (Tjiputra et al., 2013). The atmo-
spheric CO2 mixing ratio is set to 284.7 ppm during the spin-
up. Nutrients and oxygen concentrations in the ocean are ini-
tialized with the World Ocean Atlas dataset (Garcia et al.,
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Table 1. Brief introduction to future scenarios for river nutrient export used in Global NEWS 2 (Seitzinger et al., 2010).

Scenario Agricultural trends Sewage

Adapting Mosaic (GNa)
a world with a focus on regional and
local socio-ecological management

– medium productivity increase
– 2 % of cropland area for energy crops
– fertilizer efficiency: moderate increase in N and
P fertilizer use in all countries; better integration
of animal manure and recycling of human N and
P from households with improved sanitation but
lacking a sewage connection

– constant fraction of population with
access to sanitation and sewage
connection
– moderate increase in N and P
removal by wastewater treatment

Global Orchestration (GNg)
a globalized world with an economic
development focus and rapid economic
growth

– high productivity increase
– 4 % of cropland area for energy crops
– fertilizer efficiency: no change in countries with
a soil nutrient surplus; rapid increase in N and P
fertilizer use in countries with soil nutrient
depletion

– towards full access to improved
sanitation and sewage connection
– rapid increase in N and P removal by
wastewater treatment

Order from Strength (GNo)
a regionalized world with a focus on
security

– low productivity increase
– 1 % of cropland area for energy crops
– fertilizer efficiency: no change in countries with
a soil nutrient surplus; moderate increase in N and
P fertilizer use in countries with soil nutrient
depletion

– same as GNa

Technogarden (GNt)
a globalized world with a focus on
environmental technology

– medium–high productivity increase
– 28 % of cropland area for energy crops
– fertilizer efficiency: rapid increase in N and P
fertilizer use in countries with a soil nutrient
surplus; rapid increase in countries with soil
nutrient depletion

– same as GNg

2013a, b). Initial DIC and TA fields are taken from the Global
Data Analysis Project (Key et al., 2004). After 900 years, the
ocean physical and biogeochemical tracer distributions reach
quasi-equilibrium states. We extended the spin-up for an-
other 200 years with riverine input for each experiment (ex-
cept for the reference run) and then performed a set of tran-
sient climate simulations for the industrial era and the 21st
century (1850–2100). The simulations use external climate
forcings that follow the CMIP5 protocol (Taylor et al., 2011).
For the historical period (1850–2005), observed time-varying
solar radiation, atmospheric greenhouse gas concentrations
(including CO2), and natural and anthropogenic aerosols are
prescribed. For the future period (2006–2100), RCP 4.5 (van
Vuuren et al., 2011) is applied. Here, we consider RCP 4.5
as the representative future scenario following the CO2 emis-
sion rate based on the submitted Intended Nationally Deter-
mined Contributions, which projects a median warming of
2.6–3.1◦C by 2100 (Rogelj et al., 2016). The riverine in-
put configurations employed in this study are summarized
in Fig. 1. The evolution of global total fluxes of each nutri-
ent and carbon species is shown in Fig. 2. The experiment
configurations are described as follows.

– REF: reference run. Riverine nutrient and carbon supply
is deactivated.

– FIX and FIXnoc: fixed at recent-past level. FIX uses the
constant riverine nutrient and carbon supply, represen-
tative of the year 1970 as provided by NEWS 2, that is
applied to the model throughout the whole experiment
duration. FIXnoc is like FIX but only with nutrient sup-
ply – all carbon (DIC, DOC, POC) and TA fluxes are
deactivated.

– RUN: coupled to simulated freshwater runoff. Riverine
nutrient and carbon supply representative of the year
1970 is linearly scaled with the online simulated fresh-
water runoff divided by the climatological mean runoff
over 1960–1979 of the model. Thus, the inputs follow
the seasonality and long-term trend of the simulated
runoff. We assume that the nutrient and carbon concen-
trations in the rivers are constant at the level of 1970,
but the fluxes fluctuate with freshwater runoff.

– GNS: four different transient inputs following future
projections of NEWS 2. A constant riverine nutrient and
carbon supply representative of the year 1970 has been
applied from the year 1850 to 1970. Between years
1970, 2000, 2030, and 2050 the annual riverine supply
is linearly interpolated. From the year 2050 to 2100 the
annual riverine supply is linearly extrapolated. From the
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Figure 1. Schematic illustration of the spin-up and integration pro-
cedure following the experimental design described in Sect. 2.4.

year 2000, riverine supplies of the four NEWS 2 future
scenarios (GNa, GNg, GNo, and GNt) are applied.

By comparing FIX versus REF, we assess how the pres-
ence of riverine inputs affect the contemporary marine PP
and C uptake representation and also the projected changes.
By comparing RUN versus FIX, we assess the potential ef-
fects of riverine nutrient and carbon long-term trends associ-
ated with an intensifying global hydrological cycle on marine
PP and C uptake. RUN represents a first step towards cou-
pling riverine nutrient and carbon fluxes to the simulated hy-
drological cycle. By comparing the GNS configurations ver-
sus FIX, we assess how plausible, realistic future evolutions
in riverine nutrient and carbon fluxes may impact marine PP
and C uptake projections. We span the uncertainty in future
riverine nutrient and carbon fluxes by considering multiple
NEWS 2 scenarios.

3 Results

3.1 Effect of including riverine inputs on
contemporary marine PP and C uptake

We start with assessing how the inclusion of riverine nutri-
ents and carbon affects the contemporary representation of
the global marine PP and C uptake in our model by compar-
ing the annual mean output over the years 2003–2012 be-
tween the REF and FIX experiments. We also compare it
with satellite- and observation-based estimates to see if the
inclusion of riverine nutrients and carbon improves the ma-
rine PP and C uptake representation in our model. The spa-
tially integrated values presented in this and the following
sections are summarized and supplemented with statistical
robustness information in Tables B1 and B2 in Appendix B.

The annual net primary production (PP) is 40.1 and
43.0 PgCyr−1 in the REF and FIX experiments, respec-
tively. The increase in PP in FIX occurs along continen-
tal margins (where the seafloor is shallower than 300 m)
and also in the North Atlantic region (0–65◦ N, 0–90◦W),
accounting for 15.4 % and 24.9 % of the global total in-
crease, respectively (Fig. 3c). The simulated global total
PP in both REF and FIX is lower than the satellite-based
model estimates, including the Vertically Generalized Pro-
duction Model (VGPM), the Eppley VGPM, and the Carbon-
based Production Model (CbPM) over the same time pe-
riod (data source: http://www.science.oregonstate.edu/ocean.
productivity, last access: 5 January 2023), ranging from 55
to 61 PgCyr−1 (Behrenfeld and Falkowski, 1997; Westberry
et al., 2008). Although the total PP in FIX is still consider-
ably lower than the satellite-based estimates, the inclusion of
riverine nutrients and carbon does slightly improve the dis-
tribution of PP especially on continental margins (Fig. 3), ac-
cording to our area-weighted root mean square error (RMSE)
analysis. The RMSE of REF relative to mean observational
estimates (mentioned above) averages 10.7 molCm−2 yr−1

globally, while the value of FIX is 10.3 molCm−2 yr−1,
which is reduced by 3.7 %. For the continental margins, the
RMSE is reduced by 5.5 % from 29.0 molCm−2 yr−1 in REF
to 27.4 molCm−2 yr−1 in FIX.

The ocean annual net uptake of CO2 is 2.8 and
2.9 PgCyr−1 in REF and FIX, respectively, with a FIX−REF
difference of 0.1 PgCyr−1 equivalent to a 3.1 % relative
change, which is statistically significant (see Table B2). In
FIX the ocean carbon uptake is generally enhanced every-
where except for the upwelling regions of the Southern
Ocean and in the subpolar North Atlantic between approx-
imately 50–65◦ N and 60–10◦W (Fig. 4c). To isolate the im-
pact of riverine nutrient input from carbon input, an addi-
tional experiment (FIXnoc) was conducted, in which the nu-
trient fluxes are implemented the same as in FIX, while all
carbon (DIC, DOC, POC) and TA fluxes are eliminated. As
shown in Fig. 4d, the nutrient input results in more CO2 up-
take not only at large river estuaries but also in the subtropi-
cal gyres due to enhanced primary production. In the subpo-
lar North Atlantic and in the Southern Ocean upwelling re-
gion, the addition of riverine nutrients leads to enhanced out-
gassing. The riverine carbon input, on the other hand, leads
to CO2 outgassing mainly at river estuaries (Fig. 4e) but also
in a band along the gulf stream extending into the North At-
lantic, where it accounts for 18.1 % of the CO2 outgassing in
the subpolar region (50–65◦ N, 60–10◦W). Along the conti-
nental margins the nutrient input increases the CO2 uptake,
while the carbon input has an opposite effect which induces
more outgassing. The net effect of both nutrient and car-
bon inputs shows that the uptake of CO2 dominates over the
outgassing along the continental margins and in subtropical
gyres (Fig. 4c). Compared to the observation-based estimates
of Landschützer et al. (2017) (Fig. 4a) and according to our
RMSE analysis, the inclusion of riverine nutrients and carbon
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Figure 2. Time series of global riverine fluxes of nutrients and carbon to the ocean according to the configuration of six model experiments
(FIX, RUN, GNa, GNg, GNo, and GNt). The thin grey and thick red curves are the annual and 11-year running mean fluxes, respectively,
in RUN. DIN: dissolved inorganic nitrogen; DIP: dissolved inorganic phosphorus; DIC: dissolved inorganic carbon; TA: alkalinity; DSi:
dissolved silicon; POM: particulate organic matter; DOM: dissolved organic matter; Fe: dissolved iron.

does not improve the simulated air–sea CO2 fluxes globally.
The RMSE of FIX relative to observational estimates aver-
ages to 0.83 molC m−2 yr−1 globally, which does not differ
much from the value of REF (0.84 molCm−2 yr−1). How-
ever, there is a distinguishable improvement in the distribu-

tion of air–sea CO2 fluxes in the subpolar North Atlantic
(RMSE is reduced by 8.2 %, from 0.73 molCm−2 yr−1 in
REF to 0.67 molCm−2 yr−1 in FIX), with slight degradations
in some other regions (Fig. 4c).
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Figure 3. Vertically integrated primary production averaged over
the 2003–2012 period of (a) the mean of three satellite-based clima-
tologies derived from MODIS retrievals, (b) the difference between
REF and satellite-based estimates, and (c) the difference between
FIX and REF. In panel (c), only significant differences are plotted,
and dots denote areas where the signal is larger than the standard
deviation of the absolute field (see details in Appendix B).

3.2 Effect of including contemporary riverine inputs
on projections of marine PP and C uptake

We now address how the inclusion of riverine nutrient and
carbon fluxes affects projections of marine PP and C uptake
by comparing the average output between a future period
(2050–2099) and a historical period (1950–1999) of FIX ver-
sus REF.

In both experiments the projections of global PP averaged
over the years 2050–2099 are lower than their corresponding
1950–1999 averages (Fig. 5a). However, when the riverine
input of nutrients and carbon is included, the projected de-
crease in global PP is mitigated from −2.2 PgCyr−1 in REF
to −1.9 PgCyr−1 in FIX (by 13.6 %). Spatially, the decrease
in PP in REF occurs largely in upwelling regions such as
the tropical eastern Pacific and tropical Atlantic, as well as
along a latitude band around 40◦ S (Fig. 6a). The riverine in-

puts alleviate the projected PP decrease in those regions (see
further discussion in Sect. 4.2) and reinforce the projected
PP increase in high latitudes (Fig. 6b and c). The projections
of PP in the Arctic Ocean show significant increases in both
REF and FIX. Climate change alone (REF, without riverine
inputs) almost doubles the simulated PP in the Arctic from
0.08 PgCyr−1 during 1950–1999 to 0.15 PgCyr−1 in 2050–
2099 (Fig. 5b), likely as a consequence of sea ice retreat. FIX,
which includes riverine inputs, exhibits a slightly larger (but
significant; see Table B1) absolute Arctic PP increase (from
0.10 to 0.18 PgCyr−1) in its future projection than REF.

For the global net uptake rate of CO2, both experiments
(REF and FIX) project a significant increase under RCP 4.5
(Fig. 7a). The inclusion of riverine inputs leads to a slightly
higher (but significant; see Table B2) (2.4 %) projected in-
crease of 1.28 PgCyr−1 in FIX compared to 1.25 PgCyr−1

in REF. The increase rate of CO2 uptake in the Arctic
closely follows the global trend (Fig. 7b). Spatially, there
is a widespread simulated increase in ocean uptake of CO2
under future climate change except in the subtropical gyres
(Fig. 8a). Riverine nutrient input slightly increases the pro-
jected carbon uptake at large river estuaries, while it de-
creases the projected uptake in the subpolar North Atlantic
(Fig. 8d).

3.3 Effect of future changes in riverine inputs on
marine PP and C uptake projections

Finally, we address how future changes in riverine fluxes of
nutrients and carbon affect marine PP and C uptake by com-
paring the projected changes for the time period 2050–2099
relative to 1950–1999 among FIX, RUN, and the four GNS
experiments.

The future projected decrease in PP in the four GNS
experiments averages to −1.6 PgCyr−1, which is less in
magnitude compared to FIX (−1.9 PgCyr−1) and RUN
(−1.8 PgCyr−1) (Fig. 5a). Spatial distributions of projected
PP changes in GNS and their respective differences relative
to FIX are shown in Fig. 9. The latter occur predominantly
on the continental shelf in Southeast Asia, where the future
projected increase in riverine nutrient load is the largest in
the world in GNS (Seitzinger et al., 2010). Interestingly, the
projected increase in PP in Southeast Asia, induced by river-
ine nutrient inputs in GNS, is of the same order of magnitude
as the projected decrease in PP due to future climate change
in REF. Thus, in GNS the PP is projected to slightly increase
on the continental shelf of Southeast Asia (Fig. 9a–d). The
riverine-nutrient-induced PP increase in FIX or RUN is not
large enough to compensate for the PP decline due to cli-
mate change, since the projected changes in riverine nutrient
inputs are not taken into account in FIX or locally underesti-
mated in RUN.

On the other hand, the future projected global uptake of
CO2 in GNS (1.13 PgCyr−1 in average) is reduced compared
to REF (1.25 PgCyr−1), which shows an opposite change
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Figure 4. Annual mean air–sea CO2 fluxes over the 2003–2012 period of (a) the observation-based estimates of Landschützer et al. (2017),
(b) REF, (c) the difference between FIX and REF, (d) the difference between FIXnoc and REF, and (e) the difference between FIX and
FIXnoc. Contour lines in (c) are the differences between REF and Obs, purple lines (0.6 molCm−2 yr−1) indicate where REF overestimates
C uptake compared to Obs, and grey lines (−0.6 molCm−2 yr−1) indicate the opposite. In panels (c–e), only significant differences are
plotted, and dots denote areas where the signal is larger than the standard deviation of the absolute field (see details in Appendix B).

from FIX (1.28 Pg Cyr−1) and RUN (1.29 PgCyr−1). The
changes in riverine inputs in GNS emerge along continental
margins, especially around large river estuaries (Fig. 10e–h)
where the dissolved organic matter (DOM) that is projected
to increase in GNS enters the ocean and releases CO2 to the
atmosphere (Seitzinger et al., 2010).

Despite the regional differences, there is no significant dif-
ference in the projected changes in either globally integrated
PP or CO2 uptake among the four GNS experiments in our
model (Figs. 5 and 7; see further discussion in Sect. 4.3).

4 Discussion

4.1 Projected marine PP and C uptake under climate
change

In our model, PP is roughly linearly related to the concentra-
tions of the most limiting nutrient (Nut), light intensity (I ),
temperature (T ), and the available phytoplankton concentra-

tion (Phy), i.e., PP∼ Nut·I ·f (T )·Phy. It is shown in Fig. 6a
that under climate change the projected decrease in PP occurs
mainly in low and mid-latitudes. Nitrate is the limiting nutri-
ent (in REF) almost everywhere except in the central Indo-
Pacific region, in the South Pacific subtropical gyre, and in
the Bering Sea and part of the Arctic, where Fe is limiting
(Fig. A1). A projected reduction in surface nitrate concentra-
tions (Fig. A2b), which is tightly linked to the upper-ocean
warming and increased vertical stratification (Bopp et al.,
2001; Behrenfeld et al., 2006; Steinacher et al., 2010; Cabré
et al., 2015), contributes to the projected decrease in PP in
our model. The simulated global mean PP over 2050–2099
is 38.9 PgCyr−1 in REF, which is 2.24 PgCyr−1 lower than
the value over 1950–1999. This −5.4 % projected change
in PP is comparable with the multi-model mean estimate of
projected change of −3.6 %± 5.7 % in the 2090s relative to
the 1990s for RCP 4.5 (Bopp et al., 2013) and sits in the
range of 2 %–13 % decrease projected by four ESMs over
the 21st century under the Special Report on Emissions Sce-
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Figure 5. (a) Globally integrated annual mean primary production
over 1950–1999 (blue) and over 2050–2099 (red) and the differ-
ences between these two time periods (yellow) for all experiments;
note that the positive numbers on the y axis (marked with stars) are
scaled by minus 38 PgCyr−1 so that the negative numbers are visi-
ble; (b) same as (a) but for the Arctic Ocean (ocean area north of the
Bering Strait on the Pacific side and north of 70◦ N on the Atlantic
side) for the same time periods as in (a).

narios (SRES) A2 scenario (Steinacher et al., 2010). It is also
still within the range of the multi-model mean projected PP
change of −1.13 %± 5.81 % under the CMIP6 Shared So-
cioeconomic Pathways (SSP) 2-4.5 when comparing mean
values in 2080–2099 relative to 1870–1899 (Kwiatkowski et
al., 2020), given that the inter-model uncertainties in pro-
jected PP have increased in CMIP6 compared to CMIP5
(Tagliabue et al., 2021). In contrast to the global PP, there are
considerable increases in the future projected PP in the Arc-
tic in REF (Fig. 5b). In polar regions light and temperature
are the primary limiting factors for phytoplankton growth;
therefore, PP increases when light and temperature become
more favorable owing to sea ice melting under warmer con-
ditions (Sarmiento et al., 2004; Bopp et al., 2005; Doney,
2006; Steinacher et al., 2010). On the other hand, the fresher
and warmer surface water increases stratification, prohibiting
nutrient upwelling (Vancoppenolle et al., 2013; Fig. A2b),
which counteracts the increase in PP.

The ocean annual net uptake of CO2 increases signifi-
cantly during 2050–2099 compared with the uptake during
1950–1999 in REF (Fig. 7a), which is mainly driven by an
increasing difference in air–sea partial pressure of CO2.

Figure 6. The difference in vertically integrated primary production
between 2050–2099 and 1950–1999 time periods in (a) REF, (b)
FIX, and (c) the difference between (b) and (a). In panel (c), only
significant differences are plotted, and dots denote areas where the
signal is larger than the standard deviation of the absolute field (see
details in Appendix B).

4.2 Changes in projected marine PP and C uptake due
to riverine input

When riverine nutrient fluxes are added into coastal surface
waters in FIX, the PP is higher in both historical and future
periods compared to REF (Fig. 5a) due to alleviated nutri-
ent limitation. Interestingly, the effect of riverine inputs on
PP for the historical and future time periods is not the same,
suggesting a different nutrient depletion level (Fig. A2b). The
projected decrease in PP is lessened from −5.4 % in REF to
−4.4 % in FIX. It implies that during 1950–1999 the riverine
nutrients are not depleted by primary producers, while during
2050–2099 the riverine nutrients are utilized to a greater ex-
tent due to the exacerbated nutrient limitation (Fig. A2b) and
potentially to a higher phytoplankton growth rate in warmer
climate. Figure 12 illustrates this in a schematic diagram that
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Figure 7. (a) Globally integrated annual mean ocean carbon uptake
over 1950–1999 (blue) and over 2050–2099 (red) and the differ-
ences between these two time periods (yellow) for all experiments;
(b) same as (a) but for the Arctic Ocean (ocean area north of the
Bering Strait on the Pacific side and north of 70◦ N on the Atlantic
side) for the same time periods as in (a).

shows the impact of riverine nutrients on projected PP in low
and mid-latitudes. Moreover, the inclusion of constant river-
ine inputs (FIX) can potentially explain 1 / 10 of the ∼ 10 %
(2 %–13 %; Steinacher et al., 2010) inter-model spread. In
RUN and GNS, the projected decline in PP is further alle-
viated to −4.1 % and −3.6 % (averaged over four GN sce-
narios), respectively, compared to −4.4 % in FIX, owing to
the varying (mostly increase) nutrient input. In the Arctic,
when riverine nutrient input is present in the model, it helps
to sustain the projected PP increase against the stronger strat-
ification under future climate warming, although this effect is
only minor (Fig. 5b).

The riverine inputs have a twofold effect on the ocean
C uptake. It is the competition between the riverine (inor-
ganic and organic) nutrient-input-induced CO2 uptake and
the riverine C-input-induced CO2 outgassing, which deter-
mines whether the shelf is a C sink or a C source. However,
the composition of the riverine organic matter (i.e., carbon
to nutrient ratio) and the degradation timescales which are
the key factors have been debated over the last 3 decades (It-
tekkot, 1988; Hedges et al., 1997; Cai, 2010; Bianchi, 2011;
Blair and Aller, 2011; Lalonde et al., 2014; Galy et al., 2015).
It is generally agreed that the riverine organic carbon to nu-
trient ratio is high (e.g., C : P weight ratio larger than 700;

Seitzinger et al., 2010), and the degradation and resuspen-
sion rates in shallow shelf seas/sediment are higher than the
open ocean (Krumins et al., 2013). It suggests that at shal-
low and near-shore areas the riverine carbon input usually
results in a CO2 source to the atmosphere, while at deeper
outer-shelf areas the riverine nutrient input causes PP to in-
crease and a CO2 sink to form, and the magnitudes of the C
source and sink on the continental shelves almost compen-
sate for each other. This phenomenon has been discussed by
both measurement-based studies (Borges et al., 2005; Chen
and Borges, 2009) and modeling studies (e.g., Lacroix et al.,
2020). However, the spatial resolution in our model is not
fine enough to differentiate the near-shore and outer-shelf
processes. This partly contributes to comparable CO2 out-
gassing near shore (due to riverine C) and CO2 ingassing on
outer shelves (due to riverine inorganic and organic nutrient
input), leading to a globally weak integrated C sink on the
continental margins in FIX and RUN experiments for both
historical and future time periods. Although the riverine in-
put of nutrients and C is constant for both time periods in
FIX, the riverine-induced C uptake is slightly (but signifi-
cantly) bigger (0.03 PgCyr−1) during 2055–2099 compared
to 1950–1999, which indicates that the riverine nutrient in-
put is slightly dominant over riverine C input in FIX, and the
riverine nutrients are utilized more in the future period. A re-
cent modeling study (Lacroix et al., 2021b) with improved
shelf processes has also reported a 0.03 PgCyr−1 increase
in global C uptake induced by temporally varying terrestrial
nutrient input during 1905–2010. They conclude that due to
large historical perturbation, the increased nutrient inputs are
the largest driver of change for the CO2 uptake at the regional
scale. In GNS, on the other hand, the riverine inputs reduce
globally integrated C uptake for both historical and future
time periods but not equally (Fig. 7a). It reduces more in the
future period (2050–2099) than the historical period (1950–
1999), which implies that the effect of riverine C input in the
future scenarios are more dominant over nutrient input. Sim-
ulations with high-resolution global or regional models with
a more realistic representation of shelf processes are required
to accurately assess the impact of riverine inputs on carbon
cycling in the coastal ocean.

4.3 Sensitivity of projected marine PP and C uptake to
riverine configuration

By exploring different riverine configurations (FIX, RUN,
GNS) we investigate how uncertainties in future riverine
fluxes translate into uncertainties in projected PP and C up-
take changes. In RUN we assume constant concentrations (at
the 1970 level) of riverine nutrients and carbon over time
and couple them to the simulated freshwater runoff. Thus,
the annual global total fluxes of nutrients and carbon vary
with time following the variability in runoff (Fig. 2) in con-
trast to the constant fluxes in FIX. The global total simulated
runoff, under RCP 4.5 in our model, is on average higher

Biogeosciences, 20, 93–119, 2023 https://doi.org/10.5194/bg-20-93-2023



S. Gao et al.: Riverine impact on projected marine biogeochemistry 105

Figure 8. Differences in annual mean air–sea CO2 fluxes (molCm−2 yr−1) between the 2050–2099 and the 1950–1999 periods in (a) REF
and (b) FIX, (c) the difference between FIX and REF, (d) the difference between FIXnoc and REF, and (e) the difference between FIX and
FIXnoc. In panels (c–e), only significant differences are plotted, and dots denote areas where the signal is larger than the standard deviation
of the absolute field (see details in Appendix B).

during 2050–2099 than the runoff during 1950–1999, indi-
cating an intensified hydrological cycle under future climate
change. Hence, the global riverine fluxes of nutrients and car-
bon during 2050–2099 are higher than those during 1950–
1999 in RUN. However, the temporal changes in global river-
ine fluxes in RUN are relatively small compared with the ab-
solute flux values in FIX, which explains the slightly larger
projected changes in global PP and ocean carbon uptake in
RUN compared to FIX. It is noteworthy that the large interan-
nual variability in the riverine fluxes of nutrients and carbon
in RUN does not increase the interannual variability in sim-
ulated PP and ocean carbon uptake either globally or on the
continental margins (Fig. 11), something that warrants fur-
ther investigation. The approach of RUN serves as a trial to
introduce seasonal and interannual variability in riverine nu-
trient and C inputs that is linked to hydrological variability.
It should be explored in future works if RUN and GNS can
be integrated to produce more realistic long-term trends in
riverine nutrient and C inputs, as well as short-term variabil-
ity. Although the RUN approach is more sophisticated when

compared to FIX, it employs a linear relationship between
the future riverine nutrient and C fluxes and the simulated
hydrological cycle, which is a highly simplified assumption
(see discussion in Sect. 4.4).

Figure 2 shows that the inputs of DIN and DIP are consid-
erably lower, while the dissolved silicon (DSi) and particu-
late organic matter (POM) are higher in the future period in
RUN compared to GNS. This is because many anthropogenic
processes that are important for determining the future river-
ine fluxes are not considered in RUN but are considered in the
NEWS 2 model system, from which the GNS’ future scenar-
ios are simulated. For example, the nutrient management in
agriculture, the sewage treatment and phosphorus detergent
use, and the increased reservoirs from global dam construc-
tion in river systems (Seitzinger et al., 2010; Beusen et al.,
2009) are the key factors affecting future riverine fluxes of
DIN, DIP, and DSi and POM, respectively. Therefore, it is
worth exploring the merits of using GNS in future projections
of marine biogeochemistry. The four future scenarios pro-
vide a range of potential outcomes resulting from different
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Figure 9. (a–d) Projected changes in vertically integrated primary production (molCm−2 yr−1) in four GNS experiments between the 2050–
2099 and the 1950–1999 periods. (e–h) The difference in projected changes in vertically integrated primary production (molCm−2 yr−1)
between each GNS experiment and FIX. In panels (e–h), only significant differences are plotted, and dots denote areas where the signal is
larger than the standard deviation of the absolute field (see details in Appendix B).

choices tending toward either globalization or regional ori-
entation and either a reactive or proactive approach to envi-
ronmental threats (see Table 1). A large range of the riverine
inputs in GNS, e.g., temporal changes in DIN fluxes across
scenarios ranging from 24.8 % to 63.0 % of the annual flux
in FIX, do not transfer to large uncertainties in future projec-
tions of global marine PP in our model, which can primar-
ily be attributed to unresolved shelf processes due to coarse
model resolution. However, the scenario differences might
be of importance in regional projections, such as in seas sur-
rounded by highly populated nations and near river estuaries.
Simulations with high-resolution global or regional models
with a good representation of shelf processes are required to
accurately assess the local impact of riverine inputs.

4.4 Limitations and uncertainties

We acknowledge several limitations of our study, particu-
larly related to the resolution and complexity of our model.
Firstly, coarse-resolution models tend to underestimate PP

along the coast. Such well-known model issues may offset
the impact induced by riverine inputs. Secondly, shelf pro-
cesses, which are not well represented in our model due to
coarse resolution, modify a large fraction of some riverine
species; e.g., the conversion of organic carbon to CO2 oc-
curs rapidly via remineralization in estuaries before they are
transported to the open ocean. Further, some simplified pro-
cesses of the model may introduce bias in the results, e.g.,
how the model deals with the riverine dissolved organic and
particulate matter. In our model, there is only one dissolved
organic pool (DOM) and one particulate organic pool (DET),
and the Redfield ratio (P : N : C) needs to be kept. There-
fore, the P : N : C ratios of riverine input for both dissolved
organic matter (including DON, DOP, and DOC) and par-
ticulate (inorganic and organic) matter (including particulate
nitrogen, particulate phosphorus, and POC) are calculated,
and then the least abundant species (scaled by the Redfield
ratio) are added to their respective DOM and DET pools.
The excess budget from the remaining two species (of P, N,
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Figure 10. (a–d) Projected changes in annual mean air–sea CO2 fluxes (molCm−2 yr−1) in four GNS experiments between the 2050–2099
and the 1950–1999 periods. (e–h) The difference in projected changes in annual mean air–sea CO2 fluxes (molCm−2 yr−1) between each
GNS experiment and FIX. In panels (e–h), only significant differences are plotted, and dots denote areas where the signal is larger than the
standard deviation of the absolute field (see details in Appendix B).

or C) are assumed to be directly remineralized into an in-
organic form and added to the corresponding dissolved in-
organic pools (i.e., DIP, DIN, or DIC) in the ocean. This
simplification may result in an overestimation of riverine
dissolved inorganic nutrients and thereby riverine-induced
PP enhancement. Especially in the NEWS 2 dataset par-
ticulate P is typically dominated by inorganic forms (May-
orga et al., 2010), which means that it is likely not directly
bio-available. Therefore, we have assessed the bias due to
the direct remineralization of the riverine dissolved organic
and particulate matter. We calculated firstly the proportion
of directly remineralized matter from the total riverine dis-
solved organic matter (DOM) and particulate (inorganic and
organic) matter (PM) by using the following equation, i.e.,
[X/(DOMriv+PMriv) · 100 %] (X is the directly remineral-
ized dissolved organic and particulate matter). The directly
remineralized part on average accounts for 64.8 %, 27.8 %,
and 62.8 % of the total riverine organic and particulate mat-
ter of P, N, and C, respectively. In a recent study by Lacroix

et al. (2021a), who used an enhanced version of HAMOCC
(horizontal resolution of ∼ 0.4◦) with improved representa-
tion of riverine inputs and organic matter dynamics in the
coastal ocean, they quantified that around 50 % of the riverine
DOM and 75 % of the POM are mineralized in global shelf
waters. Therefore, our model assumption is on track with the
finer-resolution-model estimates, and this direct remineral-
ization compensates to some extent for the under-represented
organic matter degradation rate on the ocean shelf. This bias
in riverine dissolved nutrient input may further lead to bias
in the enhanced PP. We calculated the contribution of the di-
rectly remineralized part on the enhanced PP by comparing
X with the corresponding total riverine dissolved nutrient ad-
ditions as [X/(X+DIXriv) ·100 %] (DIXriv denotes the cor-
responding riverine dissolved nutrient additions), which ac-
counts for 80.5 %, 33.3 %, and 41.1 % of P, N, and C, respec-
tively. Assuming that all coastal regions are nutrient limited,
this direct remineralization could be theoretically responsible
for 33.3 %–80.5 % of the enhanced PP, depending on which
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Figure 11. Time series of integrated annual primary production and ocean carbon uptake during 1850–2099 in FIX and RUN (a, c) globally
and (b, d) on continental shelves.

Figure 12. Schematic drawing of impact of riverine nutrient input on future projections of marine primary production. (a, b) Decline in
nutrient supply into subtropical surface waters due to the upper-ocean warming and increased vertical stratification, which is projected by
models to reduce primary production over the 21st century. (c, d) Riverine nutrient input into surface coastal waters alleviates the nutrient
limitation and lessens the projected future decline in primary production.

nutrient species is limiting the PP. In our model, phosphate is
rarely limiting (Fig. A1); therefore, the impact of this direct
remineralization on PP is likely on the lower end of this range
(33.3 %–80.5 %). Given that the proportion of the direct rem-
ineralized organic N (27.8 %; see the calculation above) in
our model is comparable to or lower than the reported val-
ues by field studies (∼ 38.8 % of DON decomposed during
transition from Arctic rivers to coastal ocean; Kattner et al.,

1999; Lobbes et al., 2000; Dittmar et al., 2001), which indi-
cates that the bias on enhanced PP is likely less than 33.3 %.

Some approximation and assumption in the experimental
setup may also induce uncertainties in our results. Our spin-
up experiment uses riverine nutrient and carbon inputs fixed
at 1970 levels, as provided by NEWS 2. As a caveat, our
post-1970 simulated changes in marine PP and CO2 fluxes
miss any legacy effects from riverine input changes that oc-
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curred before 1970. The fixed inputs likely overestimate the
accumulated inputs prior to 1970, causing potential underes-
timation of the projected change impacts. However, Beusen
et al. (2016) found that changes in riverine N and P are rel-
atively small before 1970 compared to changes after 1970.
Therefore, we expect the impact due to missing legacy ef-
fects to be minor. Moreover, in FIX we applied riverine in-
puts at the 1970 level over available inputs at the 2000 level
because the former are more representative of the 1950–
1999 baseline period. However, the use of the 1970 level
input is suboptimal when evaluating simulated PP and CO2
fluxes against observations obtained after 2000. Beusen et al.
(2016) have shown that the riverine N and P has increased
by ∼ 40.0 % and 28.6 %, respectively, from 1970 to 2000.
Therefore, the riverine impact may be underestimated when
comparing with the observations during 2003–2012. In RUN,
we assume constant concentrations of riverine nutrients and
carbon over time, and the fluxes vary with freshwater runoff.
This may be applicable for some nutrients such as DIN or
within a certain limit of runoff change such as for dissolved
Si (Fig. A3). However, this may not be appropriate for all
nutrient and carbon species. Furthermore, the variability in
runoff is subject to interannual to decadal climate variability,
which partially masks the centennial trend. This caveat can
be overcome through performing multi-realization ensemble
simulations.

Lastly, riverine Fe flux is weighted by the water runoff
of each river and integrated globally as a total input of
1.45 Tgyr−1 (Chester, 1990). To the best of our knowledge,
the available global riverine iron dataset is rare. Previous
studies have used various approximation approaches, e.g.,
constant Fe to dissolved inorganic carbon (DIC) ratio (Au-
mont et al., 2015) and Fe to phosphorus ratio (Lacroix et al.,
2020). In the study by Aumont et al. (2015), the Fe : DIC
ratio is determined so that the total Fe supply also equals
1.45 TgFeyr−1 as estimated by Chester (1990). We are aware
that our approximation likely has bias on regional scales, es-
pecially in Fe-limiting regions like the Arctic. However, it
has likely a minor impact on the projected PP, since light
rather than riverine nutrient input is the primary control of the
projected Arctic PP in our model. Also, we have conducted
all simulations only under one Intergovernmental Panel on
Climate Change (IPCC) representative concentration path-
way scenario (the intermediate RCP 4.5), which may lead to
a narrower possible range of the riverine-flux-induced impact
on the projected marine PP and C uptake.

5 Conclusions

In this study, we apply a fully coupled Earth system model
to assess the impact of riverine nutrients and carbon delivery
to the ocean on the contemporary and future marine PP and
carbon uptake. We also quantify the effects of uncertainty in

future riverine fluxes on the projected changes, using several
riverine input configurations.

Compared to satellite- and observation-based estimates,
the inclusion of riverine nutrients and carbon improves the
contemporary spatial distribution only slightly for PP (3.6 %
reduction in RMSE) and insignificantly for ocean carbon up-
take (0.1 % reduction in RMSE) on a global scale, with larger
improvements on the continental margins (5.4 % reduction in
RMSE for PP) and the North Atlantic region (7.4 % reduction
in RMSE for carbon uptake).

Concerning future projected changes, a decline in nutri-
ent supply in tropical and subtropical surface waters, due to
upper-ocean warming and increased vertical stratification, is
projected by our model to reduce PP over the 21st century.
Riverine nutrient inputs into surface coastal waters alleviate
the nutrient limitation and considerably lessen the projected
future decline in PP from −5.4 % without riverine inputs to
−4.4 %, −4.1 %, and −3.6 % in FIX, RUN, and GNS (av-
eraged over GNa, GNg, GNo, and GNt), respectively. Dif-
ferent from the global value, the projected PP in the Arctic
increases considerably because light and temperature – the
primary limiting factors for phytoplankton growth in polar
regions – become more favorable due to sea ice melting un-
der warmer future conditions. When riverine nutrient inputs
are presented in the model, they further enhance the projected
increase in PP in the Arctic, counteracting the nutrient de-
cline effect due to stronger stratification in the fresher and
warmer surface water.

Depending on the riverine scenarios, where the riverine
nutrient input dominates over the C input, the projected net
uptake of CO2 is further enhanced along continental margins
via the photosynthesis process. Conversely, where the river-
ine C input is dominant over the nutrient input, the projected
net uptake of CO2 is reduced, especially at large river estuar-
ies due to higher CO2 outgassing.

We have explored a range of riverine input configurations
from temporally constant fluxes (FIX), to idealized time-
varying fluxes following variations in a simulated hydrolog-
ical cycle (RUN), and to plausible future scenarios (GNS)
from a set of global assumptions. The large range of the
uncertainty of the riverine input does not transfer to large
uncertainty of the projected global PP and ocean C uptake
in our simulations likely due to model limitations related to
resolution and shelf process representations. Our study sug-
gests that applying transient riverine inputs in the ESMs with
coarse or intermediate model resolution (∼ 1◦) does not sig-
nificantly reduce the uncertainty in global marine PP and C
uptake projections, but it may be of importance for regional
studies such as in the North Atlantic and along the continen-
tal margins.

Future modeling studies that include riverine input to the
ocean can benefit from using high or at least adequate model
resolution so that shelf processes, such as a realistic reminer-
alization rate for riverine organic matter in the coastal water
and shelf sediment, as well as lateral transport, can be better

https://doi.org/10.5194/bg-20-93-2023 Biogeosciences, 20, 93–119, 2023



110 S. Gao et al.: Riverine impact on projected marine biogeochemistry

resolved. Better constraints on riverine C to nutrient ratios are
needed to accurately assess the net riverine impact on ocean
C uptake. Further exploration of various future scenarios of
riverine input is clearly warranted in order to better assess
projected changes in ocean PP and C uptake, especially on
regional scales.

Appendix A

Figure A1. The limiting nutrient among iron, nitrate, and phosphate in REF during (a) 1950–1999 and (b) 2050–2099.

Figure A2. The relative changes in projected (a) primary production, (b) nitrate concentration, (c) phytoplankton concentration, (d) sea
surface temperature, and (e) annual mean maximum mixed layer depth in REF (2050–2099 compared to 1950–1999).
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Figure A3. The relationship between relative changes in freshwater runoff and relative changes in nutrient fluxes (dissolved inorganic
nitrogen, phosphorus, and silicon) in 2050 according to the Adapting Mosaic future scenario in NEWS 2 dataset.

Appendix B: Robustness of results to sampling error

Time-averaged quantities and their differences – like the ones
considered in this study – are subject to temporal sampling
uncertainty arising from the presence of internal climate vari-
ability and associated biogeochemistry variability. We eval-
uated the statistical robustness of our results with respect to
temporal sampling uncertainty as outlined in the following.

We assessed statistical significance of time-averaged dif-
ferences using Student’s t test. We performed the test on an-
nual data with α set to 0.05 and N set to the number of years
in the respective average period, assuming the internal cli-
mate variability exhibits the most power on interannual and
shorter timescales. We removed the main part of the exter-
nally forced signal by subtracting the linear trend of the an-
nual time series prior to performing the t test if the time se-
ries contained more than 20 years. For shorter time series, we
therefore did not remove the linear trend as it potentially has
a large internal variability component.

All differences presented in the main text, summarized in
Tables B1 and B2, were found to be statistically significant,
and the plots feature only differences for which the t test lo-
cally rejected the null hypothesis. We found even small inter-
simulation differences to be statistically significant because
these differences were less affected by internal variability. In
our model setup, the marine biogeochemistry does not feed
back on the physical climate. Consequently, the climate vari-
ability and climate trends are the same in all experiments, and
the interannual variability in the biogeochemical parameters
– which is predominantly driven by the physical climate vari-
ability – is also virtually the same. As illustrated in Fig. B1,
any uncertainty related to internal climate variability is ef-
fectively removed in the computation of the inter-experiment
differences. In this manner, we were able to obtain statisti-
cally robust results for short time slices without having to
perform multi-member simulation ensembles for each exper-
iment.

Detectability of inter-simulation differences does not,
however, guarantee that the differences are large enough to
be competitive with real-world internal variability to have
real-world implications. Therefore, we additionally com-
pared the inter-simulation differences against the internal
variability in the absolute field (i.e., not the difference field).
We estimated the joint internal variability in the absolute field
for N -year time averages as

σµAB =

√
σ 2

A+ σ
2
B

√
2N

,

where σA and σB are the interannual standard deviations for
experiments A and B, respectively. As for the t test, we re-
moved the externally forced signal by subtracting the lin-
ear trend of the annual time series prior to computing stan-
dard deviations if N > 20. On all difference plots we marked
the areas where inter-simulation differences exceed σµAB and
thus are large enough to have real-world implications.
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Table B1. Global and regional statistics of simulated primary production. Shown are the time mean µ and twice its standard deviation σµ
(rounded up to two decimals) derived from annual values. The this and tfut denote the time periods 1950–1999 and 2050–2099, respectively.

Variable Experiment Period Region µ± 2σµ

RMSE of PP REF 2003–2012 Global 10.70± 0.18
(molCm−2 yr−1) Continental margins 28.96± 0.18

FIX Global 10.31± 0.21
Continental margins 27.43± 0.19

FIX−REF Global −0.39± 0.04
Continental margins −1.52± 0.04

PP REF 2003–2012 Global 40.06± 0.50
(PgCyr−1) FIX 42.99± 0.51

FIX−REF 2.93± 0.02

PP projection REF this Arctic 0.08± 0.01
(PgCyr−1) tfut 0.15± 0.01

tfut− this 0.07± 0.01
FIX this 0.10± 0.01

tfut 0.18± 0.01
tfut− this 0.08± 0.01

FIX−REF tfut− this 0.01± 0.01

PP projection REF this Global 41.14± 0.26
(PgCyr−1) tfut 38.90± 0.23

tfut− this −2.24± 0.37
FIX this 43.99± 0.26

tfut 42.06± 0.24
tfut− this −1.93± 0.38

RUN tfut− this −1.82± 0.38
GNS −1.57± 0.38
FIX−REF 0.31± 0.01
GNS−REF 0.66± 0.02
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Table B2. Global and regional statistics of simulated ocean carbon uptake. Shown are the time mean µ and twice its standard deviation σµ
(rounded up to two decimals) derived from annual values. The this and tfut denote the time periods 1950–1999 and 2050–2099, respectively.
Values in brackets denote relative changes in percentage.

Variable Experiment Period Region µ± 2σµ

RMSE of C uptake REF 2003–2012 Global 0.84± 0.05
(molCm−2 yr−1) Subpolar North Atlantic 0.73± 0.09

FIX Global 0.83± 0.05
Subpolar North Atlantic 0.67± 0.08

FIX−REF Global −0.01± 0.01
Subpolar North Atlantic −0.06± 0.01

(8.2%± 0.1 %)

C uptake REF 2003–2012 Global 2.77± 0.06
(PgCyr−1) FIX 2.86± 0.07

FIX−REF 0.09± 0.01
(3.1%± 0.1 %)

C uptake projection REF tfut− this Global 1.25± 0.03
(PgCyr−1) FIX 1.28± 0.04

RUN 1.29± 0.04
GNS 1.13± 0.04
FIX−REF 0.03± 0.01
GNS−REF −0.11± 0.03

Figure B1. Global integrated primary production (PP) time series from single experiments (a) versus the difference between two experiments
(b). The PP variability in REF and FIX closely follow each other because the simulations feature the exact same physical variability. As a
result, the interannual variability largely cancels out in the computation of FIX−REF differences, and the FIX−REF difference time series
exhibits a standard deviation that is an order of magnitude smaller than the standard deviations of REF and FIX.
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Appendix C: Comparison between NEWS 2 dataset and
measurement-based riverine data

Table C1. Comparison between NEWS 2 dataset (Mayorga et al.,
2010) and measurement-based (provided by PARTNERS Project;
Holmes et al., 2012) riverine dissolved inorganic nitrogen (DIN)
and dissolved organic nitrogen (DON) in the six largest Arctic rivers
around the year 2000.

River DIN DON
(Pg N yr−1) (Pg Nyr−1)

NEWS 2 Measurement NEWS 2 Measurement

Ob 89 86 102 110
Yenisei 47 51 132 111
Lena 30 33 88 135
Kolyma 9 7 21 17
Yukon 5 26 14 47
Mackenzie 22 27 62 31

Note that the data from NEWS 2 are for the year 2000, while measured data from
PARTNERS Project are calculated over 1999–2008 (missing discharge data restricted the
Yukon estimates to 2001–2008).

Code and data availability. The model code, input data, output
data, and scripts used for producing the results and figures in
the study are available at the NIRD Research Data Archive via
https://doi.org/10.11582/2022.00072 with CC BY 4.0 license (Gao,
2022).
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